UNIVERSITY DE

SHERBROOKE
Faculte de genie
Departement de genie mecanique

Assessment of the Impact of the Measurement Precision of Thermal
Properties of Materials on the Prediction of Their Thermal Behaviour
r

(Evaluation de l'impact de la precision de mesure des proprietes thermiques des
materiaux sur la prediction de leur comportement thermique)

Memoire de maitrise
Speciality: Genie Mecanique

Ayesha KHATUN

Jury:

Prof. Martin Desilets, PhD (directeur)
Prof. Gervais Soucy, PhD
Prof. Said Elkoun, PhD

Sherbrooke (Quebec) Canada

December 2010

1+1

Library and Archives
Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 Wellington Street
Ottawa ON K1A0N4
Canada

395, rue Wellington
Ottawa ON K1A 0N4
Canada
Your file Votre reference
ISBN:

978-0-494-96269-5

Our file Notre reference
ISBN:

978-0-494-96269-5

NOTICE:

AVIS:

The author has granted a non
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distrbute and sell theses
worldwide, for commercial or non
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur a accorde une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par telecommunication ou par I'lnternet, preter,
distribuer et vendre des theses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, electronique et/ou
autres formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur conserve la propriete du droit d'auteur
et des droits moraux qui protege cette these. Ni
la these ni des extraits substantiels de celle-ci
ne doivent etre imprimes ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

Conform em ent a la loi canadienne sur la
protection de la vie privee, quelques
formulaires secondaires ont ete enleves de
cette these.

W hile these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.

Canada

ABSTRACT

ABSTRACT

The thermal properties of the sidewall lining materials are capturing attention since the last two
decades. Good prediction of the dynamic thermal behaviour o f Hall Heroult cells, including
precise estimation of energy losses and location of the side ledge formed by the solidification of
electrolytic bath, is made possible when the sidelining materials are well characterized in
function of temperature. The present work aim at measuring the thermal diffusivity, heat
capacity and thermal conductivity of silicon carbide (SiC), graphitic and graphitized carbon
materials and cryolite (NasAlFe) based on transient characterization techniques. The thermal
diffusivity and the heat capacity are measured by using state-of-the-art transient laser flash
analyzer and differential scanning calorimeter respectively. The thermal conductivity is
calculated by assuming a constant density.
The range of precision error for each thermal property is also calculated for a finite number of
data sets. Empirical correlation has been drawn for each o f the properties to describe the relation
with temperature in mathematical terms. Thermal characterization o f the latent heat evolved
during the melting of ledge is also carried out. Finally, based on the calculations conducted with
a 2-D numerical model, the effect o f the precision errors of temperature varying thermal
properties of the sidewall materials and ledge on the dynamic behaviour of a laboratory scale
phase change reactor is also presented.
The results, so obtained, encourage further studies on the thermal properties o f materials used in
the aluminium reduction cell to find out the thermal environment inside the cell, heat loss
estimation and effect o f the additives on the location o f ledge.

Key words: Thermal conductivity, thermal diffusivity, heat capacity, temperature varying
properties, precision error, phase change profile, latent heat.

RESUME

RESUME
Les proprietes thermiques des materiaux utilisees pour la construction des murs lateraux d’une
cuve d’electrolyse de l’aluminium captent l’attention depuis les deux demieres decennies. Une
bonne prediction du comportement thermique dynamique des cellules Hall-Heroult, y compris
une estimation precise des pertes d'energie et de l'emplacement du gel sur le cote, est rendue
possible lorsque les materiaux de cote sont bien caracterises en fonction de la temperature.
L'objectif de ce travail consiste a mesurer la diffusivity thermique, la capacite calorifique et la
conductivity thermique du carbure de silicium, des materiaux carbones du cote (graphitique et
graphitise) et de la cryolite a l’aide de techniques de caracterisation transitoires. La diffusivity
thermique et la capacite de calorifique sont mesurees en utilisant respectivement un
diffixsivimetre thermique et un calorimetre a balayage differentiel. La conductivity thermique est
calculee en supposant une masse volumique constante.
La marge d'erreur sur la precision de chaque propriety thermique a egalement ete calculee pour
un nombre fini d'ensembles de donnees. Une conflation empirique a ete elaboree pour chacune
des propriytys pour dycrire la relation avec la temperature en termes mathematiques. La
caracterisation thermique de la chaleur latente degagee lors de la fonte de la gelee de cote est
egalement effectuee. Enfin, sur la base des calculs effectues avec un modele 2-D numerique,
l'effet des erreurs de mesure entachant les differentes proprietes thermiques des materiaux du
cote sur le comportement dynamique d'un reacteur a changement de phase de type laboratoire est
ygalement presente.
Les rysultats obtenus montrent l’interet de nouvelles etudes sur les propriytes thermiques des
materiaux utilises dans les cellules d’electrolyse de l'aluminium pour decouvrir 1 ’influence de
l'environnement thermique interieur de la cellule, pour estimer les pertes de chaleur et l'effet des
additifs sur l’emplacement du front de solidification.
Mots-ciys: Conductivity thermique, diffusivite thermique, capacite calorifique, erreur de mesure,
profil de gelee, chaleur latente.
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INTRODUCTION

CHAPTER 1 INTRODUCTION
Among the various methods of producing aluminium, the only commercial process is the HallHeroult electrolysis process (Figure 1.1). In this process, alumina is dissolved in a molten
fluoride bath and aluminium is produced by electrolysis process at temperature between 900°C
to 1000°C [Yurkov et Mann, 2005]. On average, 13 to 16kWh of electrical energy is required as
an input for the pot (aluminium cell) [Kiss et Raymond, 2008]. Only about half o f this energy is
utilized to produce aluminium. The remaining energy is going outside o f the cell as heat losses.
Aluminium production can be made much more efficient if the thermal environment inside the
cell can be balanced and the heat loss is minimized. The maintenance of proper thermal
equilibrium condition inside the cell is governed by various key factors. These factors include
different operational variables, materials used for physical structure o f the cell, bath chemistry,
thickness variation o f solid electrolytic bath, heat loss to the outside, current density etc [Kiss et
Raymond, 2008].

Figure 1.1: A typical Hall-Heroult Cell [Li et al., 2009].
In an industrial cell o f Hall-Heroult type, a part o f electrolytic bath is gradually solidified on the
sidewall of the cell, called ledge. The characteristics of the ledge, for example its thickness,
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significantly influence dynamic heat balance of the cell during various disturbances associated
with different operations like alumina feeding, metal tapping, anode effect, anode changing, etc.
The main factors that can affect the thickness of the ledge are the melt temperature (over a
limited range) and the sidewall material of the furnace [Kjelstrup et al., 1998]. If the temperature
inside the cell increases, some of the insulating ledge melts. On the other hand, if the temperature
inside the cell decreases more ledge is formed out at the sides [Kjelstrup et al., 1998]. Also a too
thin ledge thickness would cause the cell wall to corrode and may ultimately lead to the failure of
the pot. On the other hand, large thickness of the ledge causes horizontal current flow leading to
metal pad disturbance [Boily et a l, 2001]. A certain heat transport through the sides of the cell is
needed to maintain the frozen ledge and keeps the cell wall away from corrosion effect of the
bath [Kjelstrup et al., 1998: Boily et al., 2001 ]. Further, the variation o f the ledge thickness
gives rise to changes in the electrolyte composition and bath volume or liquidus temperature.
Due to 2 mm growth in side ledge after 10-12 h, sidewall heat flux drop about 4% and the
superheat drop about 0.6 °C during the anode setting [McFadden, 1998].
The heat flux flowing towards outside o f the cell also varies due to the variation in the heat input
and the temperature o f the liquid bath inside the cell and with the variation of ledge thickness.
Typical heat losses from an aluminium cell as a percentage of the total cell heat losses has been
shown in figure 1.2. Above 30 % o f the total heat losses occurs at the topside of the cell
combining the crust, anode, and deck [Bruggeman, 1998]. The bottom heat losses are about 15%
of the total heat losses. A large amount of heat is also lost at the sidewalls and the end walls.
Those surfaces are responsible for about 35% of the total heat losses from the pot. The variation
in heat fluxes in this region varies from

6

to 20 kW/m2, depending on the vertical position

[Bruggeman, 1998]. The heat goes out from the cell to make a thermal equilibrium condition
inside the cell during the variation of temperature in the liquid electrolytic bath. The properties of
sidewall materials and the dimension o f the cell also play an important role [Kjelstrup et al.,
1998]. Ceramic sidewall lining material like silicon carbide (SiC) is. typically used for the
construction o f the sidewall of the aluminium cell. Thus, the thermophysical properties o f such
materials have significant effect on the heat losses through the sidewall.
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Figure l.2: Typical heat losses from pot areas as a percentage o f the total pot heat losses
[Bruggeman, 1998].

In this project, the thermophysical properties o f sidewall materials and solid electrolytic bath
have been measured as a function of temperature by using of differential scanning calorimeter
(DSC) and a laser flash analyzer (LFA). During the measurement, it’s not possible to get the
exact value of the thermal properties due to some experimental errors. If a number o f repeated
measurements are made for the properties, each measured value would be more or less than their
average or mean value. This variation is due to some systematic errors, which always cause the
measured values to be different from their average value (Figure l .3). There is a range for these
errors and this range is called precision error range. For a number of repeated measurements, if
the mean value of the properties is x, the value of the properties in each measurement would be
within x±Ax%. The impact o f this precision error of thermophysical properties at different
temperatures on the prediction of the variation o f ledge thickness and heat loss characteristics o f
the sidewall in an industrial aluminium cell has been studied in this project. The impact of
system bias errors, which is more difficult to determine, has not been evaluated.
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Figure 1.3: Precision error during the measurement o f thermophysical properties o f refractory
material.
A physical laboratory scale model of an aluminium cell has been used for evaluating the effect of
measurement precision of thermophysical properties at different temperatures. A 2D transient
mathematical model has been used to study the effect of precision on the formation of ledge and
the heat losses. The phase change phenomena has been characterized by simulating the 2D
Stefan phase change problem taking into account the latent heat evolution by using an enthalpic
formulation. The sensitivity of thermophysical properties on the prediction o f ledge profile and
thermal balance inside the cell is analyzed based on the results obtained numerically by the
mathematical model.
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CHAPTER 2 OBJECTIVES
The main objective o f this project is to measure the thermal properties o f materials used in
aluminium cell as a function of temperature. Another objective is to evaluate the impact of the
measurement precision o f thermophysical properties on the prediction of solidification profile of
phase change materials (PCM) and on the energy balance of the physical laboratory scale model
of industrial aluminium cell.
The objectives are:
(1) Measure the following important thermophysical properties heat capacity, thermal diffusivity
and thermal conductivity of materials by using sophisticated and highly precise measuring
instruments like DSC and LFA. The materials are as follows
•

Graphitic carbon,

•

Graphitized carbon,

•

SiC,

•

Ledge.

(2) Figure out the empirical correlation for each thermal property as function o f temperature.
(3) Modify an existing mathematical model to analyze the impact o f the precision error of the
measured thermophysical properties on the prediction o f the thickness of the solid phase o f PCM
for the following systems:
•

Teflon,

•

Zinc (pure),

•

Ledge.
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CHAPTER 3 LITERATURE REVIEW

The Hall-Heroult aluminium electrolysis process is very complex as it involves many different
chemical and physical phenomenon which are most o f the time not very well understood and
often interacting with each other [Dupuis, 1998]. The literature reviewe is divided into two
different sections.
•

Mathematical modeling and ledge profile prediction.

•

Thermophysical properties of materials.

3.1 Mathematical modeling and ledge profile prediction
In this section the discussion will be on the developed mathematical model and evaluating the
changeable behaviour of ledge. It is not easy to develop a reliable model to simulate the thermal
environment inside the cell. Yet over the years, valuable mathematical modeling tools which
include one dimensional (ID) steady state model [Haupin,1971: Thonstad, et Rolseth, 1983
Bruggeman, 1998: J Welch, 1998], one dimensional (ID) transient model [Wei, et al.,1997:
McFadden, 1998: Barantsev et al., 2000], two dimensional (2D) steady state model [Bruggeman
et al., 1990:Boily et al., 2001: Kiss, L.I. et Dassylva-Raymond, 2008], two dimensional (2D)
unsteady state model [Liu et al., 2007:Marois et al., 2009], three dimensional (3D) model
[Dupuis, 1998: Cross et al., 2000: Dupuis et Haupin, 2003: Dupuis et Bojarevics, 2006:
Gustafsson et al., 2007] have been developed by considering different cell operating conditions
like anode effect, alumina feeding, cell operating voltage to describe the internal phenomenon of
the Hall-Heroult cell.
Most of the models represent the operational disturbance during cell service life and their effect
on the heat balance inside the cell, bath temperature, ledge profile variation, and physical and
chemical phenomenon. There are a fewer number of models which focused on the effect of
sidewall materials on the thermal equilibrium and ledge thickness variation in the Hall-Heroult
aluminium electrolysis process. Some works concerning the sidewall design in this process are
described below.
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3.1.11-D steady state system
Haupin [1971] estimated the ledge thickness when insulating materials are used as sidewall
(Figure 3.1). In order to calculate the thickness o f the ledge, two mathematical models were
described for two liquid phases (molten electrolyte and molten aluminium) for calculating the
thickness of the ledge. He had found that the average thickness of the ledge contacting with the
bath will be hm/hbath times the average thickness of the frozen layer contacting the aluminium.
The average thickness o f ledge contacting the molten aluminium is

^ ^ m A

J \

T/ Tamh
- T• ' /
bath

hbathAbath + hmAm
KA
IRri

Where

(3.1)

{KathAth

(3.2)

R = l r*frr Afr
- + I - .Acc

Similarly, the average thickness o f ledge contacting the bath layer is
A A

'^'amb

\AthAlh

J

Tbath

^ b a th ^ b a th

hsAs

•(L 4 * + U )^

(3.3)

Ledge-

Electrolytic bath
(liquid}
Outside

shell

M olten aluminum

Insulation
layer

Figure 3.1: Layout of the sidewall region of an aluminium cell.

The pot heat balance has a great impact on the cell lining life and relining cost. The lining life
depends on the proper thickness o f the sidewall ledge, which, in turn, depends on the sidewall
heat loss [Bruggeman, 1998]. Bruggeman developed an idea about sidewall heat loss in one zone
model. Here one zone means the ledge region. He used a composite sidewall just behind the
ledge (Figure 3.2) which was a combination o f wall, cement layer and the shell layer. His work
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has elaborated here for better understanding of the system. The heat flow from the electrolytic
bath to the ambient air through ledge and composite sidewall is:

)~

Q ~ Kath\ath {j^bath ~ ^Uq

K^sh

)

\h ~ ?amb

-)

0 4

i

Figure 3.2: Temperature profile through a horizontal section of the sidewall for one-dimensional,
steady state heat loss [Bruggeman, 1998].

Air pockets at the joint of the sidewall and the shell are represented by the properties o f the
cement. In these pockets, the thermal resistance is large and reduces the ledge thickness in that
area. The effect of air pocket was considered in this work.
The heat source varies along the height of the sidewall. The local heat flow from the liquid bath
to ledge increases if the heat source increases. The work of Bruggeman [1998] work also showed
how the ledge thickness varies due to this heat transfer profile along the height (Figure 3.3).
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Figure 3.3: Example of a vertical heat flux profile measured on the sidewall o f a pot
[Bruggeman, 1998],

3.1.2 1-D unsteady state model
A dynamic thermal model was built on an earlier one dimensional simulation by Wei et al
[1997]. In this model, they predicted the behaviour o f the ledge during various operational
disturbances such as alumina feeding, anode effect, metal tapping and anode changing. In the
model, moving finite difference method is used to simulate the dynamic behaviour o f the ledge.
Numerical experiments were carried out under some specified operating conditions to evaluate
the process disturbances parameters for maintaining stability o f the ledge. One simulation output
o f the ledge dynamics associated with alumina feeding is shown in figure 3.4 to enable better
understanding. A total of 600 minutes dynamic simulation o f the sidewall ledge has been shown.
The alumina feeding was done after each 60 min and the bath/ledge heat transfer coefficient
considered is 830 W/m K. It can be seen from the figure 3.4 that the ledge thickness is
continuously varying with each alumina feeding cycle. If the bath/ledge heat transfer coefficient
is higher than 830 W/m 2 K, it is possible to get less variation of ledge behaviour.
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8
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Figure 3.4: Variation of the ledge thickness associated with alumina feeding for the bath/ledge
heat transfer coefficient o f 830 W/m2K [Wei et al., 1997].

In 1998, McFadden [1998] improved the understanding of the ledge formation by introducing a
two-zone model (Figure 3.5). In zone A, the heat loss is occurring from liquid bath to ambient air
through ledge and wall and in zone B, the heat loss is occurring from liquid to ambient air
through sidewall. In zone B, the ledge layer is not considered. The heat loss in zone A and B
were described according to the following equations:
Zeot BHeal Lon

Zm'ABmILks
Air

Will

Air

Ledge

A\

wall

/ —

/

y
Ta*

/

bunt

Ta*

Tb|

7**

Figure 3.5: Heat loss mechanisms in zone A and B [McFadden, 1998].
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+

Qlotal ~ Q QbB
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The variation of bath superheat (Tbath-Tiiq) and ledge thickness was observed for aluminium cells
working with different technologies counting the cells’ operational disturbances. For bath
superheat, the variations were observed for short and medium term. The short term variations are
for less than 24 hours and the medium term variations are over a two week period. The short
term variations in bath super heat were observed during the alumina feeding, metal tapping and
anode effect. The medium term variations in bath superheat were observed also for higher
operating voltage, drops in metal height and current efficiency.
In 2000, a model of the aluminium electrolysis process had been developed by Barantsev et al
[2000] to describe the dynamic process variables such as bath temperature and chemistry, ACD,
frozen cryolite ledge thickness, operating voltage, etc. The governing equation o f the model of
dynamic side ledge and unsteady heat transfer through the cell sidewall is

(3.8)

Where 0 < x < X , a +Su (t)
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Figure 3.6: A schematic o f multilayer cell wall including side ledge [Barantsev et al., 2000].

The cell responses to disturbances of the process parameters for different bath compositions,
alumina feeding strategies were studied. The effect of aluminium trifluoride (AIF3 ) on the ledge
thickness variation, superheat, liquid bath temperature and cryolite ratio were also evaluated
through this model. After charging a substantial amount (200 kg) o f AIF3 for acidic bath the
ledge thickness reduces to 3 cm within 2.5 h and then increases up to

6

cm after 10 h (Figure

3.7).

I
$

0

5
10
Tme in hours

Figure 3.7: Variation of the ledge thickness for acidic bath after charging 200 kg AIF3 [Barantsev
et al., 2 0 0 0 ].
In 2005, a simple dynamic model o f the aluminium reduction process had been developed by
Yurkov et Mann [2005]. The model predicts the changes in bath temperature due to change in
amperage and the effect o f this change on ledge profile variation. This model describes the
sidewall heat transfer by a system of ordinary differential equations derived on the basis of
principle conservation law. The equations are given for the heat flow from two regions. In one
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region, the ledge is in contact with the bath (Figure 3.8) and in another region; the ledge is in
contact with metal layer. The equation for dissipated heat from the ledge to the ambient through
the carbon wall is:
(3.9)

Carbon

lodga

Figure 3.8: Temperature distribution in the carbon block and the ledge at the bath zone [Yurkov
et Mann, 2005].

Evaluations of temperature and concentration fields by using finite difference or finite element
methods required too much calculation time and provide a conjectural environment in reduction
process control system. They developed this model as a challenge to remove these problems in
control system. This model provides reduced calculating time for temperatures and concentration
fields with sufficient accuracy to be used in control system of an industrial aluminium cell.

3.1.3 2-D steady state models
In 1999, Dupuis and Lacroix [2003] developed a 2-D finite element based dynamic model by
using ANSYS. The authors solved the heat and mass balance equations for the liquid bath zone
by taking into account the metal taping and anode changing effect. They predicted the average
thickness of the ledge in the liquid zone after having the cell disturbances during metal taping
and anode changing (Figure 3.9).
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Figure 3.9: Bath ledge thickness evolution using ANSYS® 2D+ dynamic model.

For 2D steady state system, the potential of the thermal detection o f the ledge profile were
studied by laboratory experiments and sensitivity analysis [Boily et al., 2001], The ledge profile
was detected numerically by using inverse heat conduction problem. In the experimental set up, a
sand layer placed on top of a carbon slab (anthracite carbon block) represented the ledge profile.
Three definite shapes of the sand layer and three different criteria for theses shapes were
considered during the experiments. The direct problem was solved for steady state conditions,
within the 2-D computational domain made o f two materials: carbon sidewall block and the
solidified ledge on it (Figure 3.10).

l k u e M « io « w v

♦

1*2

,

n
Sand layer

» w > w an
c flfto o n M o d e

Figure 3.10: Computational domain including a part of the sidewall carbon block and the ledge
solidified over it [Boily et al., 2001].
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The governing equation and boundary conditions o f the direct problem aredT\ d J d T \
— +— k —
d x ) dz \ d z )

n
= 0

(3.10)

9 1r , = o

(3.11)

<?|r3 = o

(3.12)

T \T 2=7T2

(3.13)

T |r 4 = 7 T 4

(3.14)

The solution o f the direct problem was obtained by fixing the shape o f the sand layer. Then, the
shape of the isothermal surface of the sand layer was identified through numerical procedure by
using inverse method. The authors used Tikhonov’s regularization inverse method. The results of
identification by using inverse method are given in figure 3.11. Due to the variation of thermal
conductivity o f the anthracite, the variation of the interface between measured and identified
sand layer profile is showed in figure 3.12. A variation o f + 20 % o f the conductivity o f the
anthracite leads to an error o f about - 17 % while a variation o f - 20 % leads to an error of + 26
%.
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Figure 3.11: Identified interfaces and measured interfaces for a) uniform, b) sloped and c)
wedge-shaped sand layer [Boily et al.92001].
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Figure 3.12: Relative variation of the interface position in function o f the variation of the thermal
conductivity of sidewall block [Boily et al., 2001].
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Kiss and Dassylva [2008] evaluated the variation o f the ledge thickness as function of basic
design and operational parameters of the cell. They considered the aluminium electrolysis cell as
liquid filled volume enclosed by shell. The closed surface o f the shell is divided into two parts:
one is covered by the ledge and another is not. The total heat loss from the cell to environment is
the sum of the heat flow through these two surfaces. The combined thermal resistance network
for these two zones is given below (Figure 3.13).
ft*

Rki

(^ ^ ^ - A A A r A A A f ^ A A r - s x r (t<l *

^

W W W --------

Figure 3.13: Thermal resistance network with two heat flow channels [Kiss et Dassylva, 2008].

The total heat loss is:

(3.15)

p=a+ a

The total resistance from bath to ambient air through with and without ledge region(3.16)
\
1
1

(3.17)
1

+

(3.18)

(3.19)

The formation o f ledge on the sidewall of the hypothetical reduction cell under the effect of
varying heat input is shown below in figure 3.14. At about heat input -9%, the ledge starts to
hang on the side of the anode. When the input power increases about + 6 %, the ledge touches the
sidewall section into two zones. The further increase of power propels the remaining ledge into
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the upper left part of the sidewall channel. The average ledge thickness along the vertical
sidewall is shown in figure 3.15. A linear relation can be observed for ledge thickness for a small
range of heat input. For the 5% heat input variations, the variation of ledge thickness is perfectly
linear.
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Figure 3.14: Computed ledge profiles corresponding to different heat inputs in term o f the
nominal power [Kiss and Dassylva, 2008],
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3.1.4 2-D unsteady state model
In 2009, Marois et al [2009] compared two approaches for predicting the formation of the side
ledge in an industrial aluminium electrolysis cell. One approach is considering the latent heat
effect through an enthalpic method, the other one is neglecting the transitory effect. In these two
approaches, the cell disturbance was talcen into account during the operation of the cell. A
physical model of the aluminium cell (Figure 3.16) is used to predict the solidification front of
ledge under these two approaches. It was assumed that the sidewalls are perfectly insulated
during the solidification of PCM. The mathematical model for the reactor in adiabatic sidewall
condition is:

(3.20)

(3.21)
/ y-LPCM}

(3.22)

(3.23)
J x=LPCMx

S H = p(C pJ- C p j)T + pL
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N

j

LPCMg -0.16m

Q= 15 kW /m 2

LPCM^^m

SolidPCM
r

Lc=0.04m

Crucible

Airflow
(JpUOW/m2*)
Figure 3.16: A schematic o f the thermal reactor [Marois et al., 2009].

3.2 Thermal properties of materials
3.2.1 Ledge
Ledge is a primary crystallization product formed by cooling the liquid bath containing cryolite
(NasAlFe), alumina (AI2 O 3 ) with minor amount o f calcium fluoride (CaF2) and aluminium
trifluoride (AIF3 ) in solid solution [Vladimir et al., 1998]. The mass percentage of AIF3 is used to
distinguish the chemical composition o f the solid bath and liquid bath. Normally cryolite ratio
(molar ratio of NaF to AIF3 ) and bath ratio (mass ratio o f NaF to AIF3 ) are used to express the
mass percentage of AIF3 in excess in bath (Table 3.1).
Table 3.1: Bath and cryolite ratio [Gijotheim et Kvande, 1993].
Cryolite ratio (CR)

Bath ratio (BR)

Excess AIF3 (mass %)

3 (max)

1.5 (max)

0 (min)

2.08 (min)

1.04 (min)

15 (max)
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In the experimental work conducted in 1997, Solheim et St0 en summarized the effect o f the
chemical composition of liquid bath on the ledge thickness, ledge composition and visual
appearance o f ledge. The summary of their results is given in table 3.2.
Table 3.2: Variation of the ledge thickness according to AI2 O 3 (wt %) and AIF3 (wt %).
L edge
A lF j (w t % )

7.9

A120 3 (w t
%)
5.9

V isu al a p p ea ra n ce o f
led ge
N o crystals, rough/knotted,
som ewhat porous

3.5

5

8.8

Lower part, rough knotted

L ed ge th ick n ess (m m )

Vladimir et al. [1998] measured the thermal conductivity o f liquid bath with varying
compositions in the system NaF-AlF 3 -CaF2 -Al2 C>3 . They used a steady state method based on
having a stationary temperature gradient across the annulus between two concentric cylinders.
They calculated the thermal conductivity by using the following equation:
(„ \
X = ----- —----- In ro
KriS

(3.25)

The concentration dependency o f the thermal conductivity has been accounted by using the
following fitted empirical equation
A = A +B ( 0 - 1000)
whereA = 1 1 3

2.17
mr + 3.4

(3.26)

0.018[CaF2] 0.0025/nr2[ A I M
l-0.02[CaF2] l + O.OO6M/2 0 3]

(
1 Y
and 5 = 0.0001 + 0.002 1 - — (l + 0.04[CaF2]-0.11[[^/2a ] + 0.04[CoF2][^/20 ,]).
V mrj
Ledge has a very complex physical and chemical thermal nature. The above works focused on
thethermo-chemical aspects of ledge. The present research work focused on thethermal aspect
of

ledge.In this work,

the thermal behaviour of ledge has been described in terms o f heat

capacity, thermal diffusivity and thermal conductivity in function o f temperature.
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3.2.2 Carbon sidewall lining materials
The carbon materials used in cathode are also used for the sidelining of aluminium pots. The
varieties of materials used are differing in terms of raw materials, material processing ways,
baking operation, heat treatment, impurities etc. These parameters are giving different definitions
and different qualities o f carbon materials. The International Committee for Characterization and
Terminology o f Carbon gives the following four definitions according to the crystal order [Sorlie
et 0ye, 1994].
•

Graphite: hexagonally arranged carbon atoms.

•

Graphitic carbon: allotropic form o f graphite.

•

Graphitized carbon: three dimensional crystalline order atoms.

•

Amorphous carbon: long-range crystalline order atoms.

According to this definition, the well accepted classification o f cathode blocks in the aluminium
community is classified as [Homsi et Bickert, 1998]:
•

Anthracite and semi-graphitic: The material is made of anthracite (gas or electrically
calcined) with or without additions o f graphite. It is baked at or below 1200°C

•

Graphitic: The material is made out of graphite scraps and baked at or below 1200°C.

•

Graphitized: Coke is baked at 800°C, having undergone a graphitization process at over
2500°C.

Researchers are working to measure thermal conductivity o f different cathode block materials of
aluminium pot since the last two decades. Most of their works were however intended at the
measurement of the thermal and electrical conductivity. No focus was put on the measurement of
heat capacity and thermal diffusivity.
Llavona et al. [1994] described the steady and unsteady state measurement method for
measuring thermal conductivity of conductor and insulating materials, metals, ceramics,
powdered and packed solids etc., o f interest in aluminium industry. They have suggested steady
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state, hot strip and laser flash method to measure thermal conductivity of cathode block
materials.
Dumas et Lacroix [1994] developed an apparatus according to the steady state KOLHAUSCH
method to measure the thermal conductivity o f carbon materials o f aluminium smelters [Figure
3.17], Their method covered the thermal conductivity range between 1 to 200 W/m/K, well
suited for carbon materials ranging from fully anthracite to graphite.
Sorlie et al. [1995] estimated the thermal performance of carbon cathode materials during the
cell operation and cell service life. They measured the thermal conductivity of different grades of
cathode blocks by using transient hot strip method (Figure 3.18).

n o •■

•• •-

400

1

Ml

•M

T a m p a r a t v r a (*C )
-.Am lhtm m m *
- - • ttr»»MlSn

Figure 3.17: Thermal conductivity of different cathode blocks (along grain direction) as a
function of temperature [Dumas et Lacroix, 1994: Lombard et al, 1998].
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Figure 3.18: Thermal conductivity of used cathode bottom blocks of amorphous type as a
function o f temperature [Sorlie et al., 1995].

Lombard et al. [1998], Homsi and Bickert [1998] have evaluated the performance of graphitized
cathode block. They studied the effect of potline amperage, cathode voltage drop, cell instability
on mechanical wear and service life o f graphitized cathode block. They have concluded that
graphitized cathode blocks are more profitable and economical for aluminium production
process.
Allard et al. [2000] have measured the thermal conductivity of different graphite grades used as
cathode in aluminium pots by using the same measurement method developed by Dumas and
Lacroix [1994]. They were able to reduce the radial heat flux by using a vacuum environment
surrounding the sample. They also minimized the heat losses due to the radiation by using
radiation shield. But to have almost zero radial heat losses, Dumas and Lacroix used adjustable
temperature to keep the ambient temperature around the sample close to sample’s mean
temperature.
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Figure 3.19: Thermal conductivity o f different grade of graphite cathode blocks as a function of
temperature [Allard et al., 2000],

3.3.3 SiC sidewall lining material
Graphite has better performance to resist to oxidation than amorphous carbon as a sidewall
material [S0 rlie et 0ye, 1994]. SiC and materials containing SiC are used to construct the
sidewall linings because o f their good chemical stability. It has been found that SijN^SiC 3-SiC
and a-SiC bonded SiC materials are better to use for pot lining [S0 rlie et 0ye, 1994]. Silicon
nitride bonded SiC (SijN^SiC) refractory is commonly used as the sidewall o f aluminium
electrolysis cells [Pan et al., 2009].
Liu and Lin [1995] have investigated the effect o f the heat treatment process, grain structure,
type of crystal, percentage o f carbon and hydrogen on the thermal and electrical properties of
SiC. The authors measured the thermal properties for four different types o f SiC aggregates
(Table 3.3). Authors found that thermal diflusivity o f these SiC aggregates are almost identical at
high temperature (Figure 3.20).The thermal conductivity of B and D SiC aggregates are almost
same but lower than the thermal conductivity of A and C SiC (Figure 3.21). A significant
difference in thermal conductivity has been observed by Zhao et al [2002] when they described
the effect of brick size on the mechanical properties o f SijN^SiC used in aluminium cell. They
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found that large size SiC bricks need longer vibrating and sintering time that benefits the growth
o f Silicon nitride (Si3 N 4 grain).
Table 3.3: Concentration (in volume percent) of SiC polytypes for A-, B-, C-and D- SiC starting
materials (Raw) and after hot-pressed sintering (HP) [Liu et Lin, 1995].
3C

6H

4H

Polytypes
M aterials

R aw

HP

R aw

HP

R aw

HP

A - SiC

13.5

5

86.5

87.3

0.0

7 .7

B - SiC

42.4

29 2

57.6

52.5

0.0

18.3

C -S iC

67.2

7

37.3

88.3

0.0

4.7

D -SiC

100

76

0.0

0.0

0.0
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Figure 3.20: Temperature dependence of the thermal diffusivity of SiC ceramics [Liu et Lin,
1995],

26

LITERATURE REVIEW
100

90-

B-SiC

E

E

8 0-

>

70-

C-SiC
D-SiC

O
O

60-

O

50-

40-

30
0

200

400

600

BOO

100

O

Tem perature (°C)
Figure 3.21: Temperature dependence o f the thermal conductivity o f SiC ceramics [Liu et Lin,
1995].
Pan et al. [2009] had worked for measuring the effective thermal conductivity o f SijN 4 -SiC
refractory. They conducted mathematical modeling studies to calculate the thermal conductivity
at different area and trace the effect of the grain structure and nonuniformitiy in the aggregate
distribution in Si3 N 4 -SiC material (Figure 3.22).
They were able to calculate the thermal conductivity and validate the model with the indirect
measurement of thermal conductivity of commercial Si3 N 4 -SiC. They observed the effect o f the
interfacial thermal resistance between the matrix phase and the dispersed phase on the thermal
conductivity o f Si3 N4 -SiC (Figure 3.22). They derived the mathematical model for the thermal
conductivity of Si3 N 4 -SiC and described the variability in thermal conductivity in terms of
physical microstructure o f the material. They also evaluated the effect of different physical
parameters like shape factor of the pores, skin constant (thermal resistance at the phase interface)
in different schemes by regulating their numerical values in the mathematical models to
demonstrate the effect on the effective thermal conductivity o f Si3 N 4 -SiC.
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Figure 3.22: SEM image o f Si3 N 4 -SiC refractory [Pan et a l, 2009].
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Figure 3.23: Thermal conductivity of Si3 N 4 -SiC refractory [Pan et al., 2009].

From the above literature, it is well understood that the thermal properties of the sidewall lining
materials and ledge are greatly impacting on estimated ledge thickness and sidewall heat losses.
The present work aims at measuring the thermal difiusivity, heat capacity and thermal
conductivity of graphitic and graphitized carbon, SiC and ledge to perform more precise
prediction of ledge thickness and sidewall heat losses. Through this project, it can be estimated
how precisely the values should be measured to make accurate prediction on the ledge profile
variation and thermal balance inside the aluminium cell.
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CHAPTER 4 MEASUREMENT OF THERMAL PROPERTIES
The measurement o f thermal conductivity can be done both with steady and unsteady state
methods. Llavona et al. [1994] described steady and unsteady state methods for measuring the
thermal conductivity of solid, liquid and gases in wide temperature range for materials o f interest
in aluminium industry (conducting material, insulating materials, metals, refractory products,
ceramics, powdered and packed solids etc.). They have summarized the advantages o f unsteady
state methods over the steady state methods:
•

faster measurement

•

more stable isothermal

•

give thermal diffusivity

•

reliable and better determination of temperature over short period of time

•

computer data processing

•

reduced measurement errors

•

good repeatability of the results

•

no massive sample required

Unsteady laser flash method is not suitable for the granular materials where as unsteady
monotonic heating method is good to measure the thermal properties o f granular materials.
The present work is based on transient methods for measuring thermal properties. These methods
yield heat capacity and thermal diffusivity, which lead to the calculation of thermal conductivity
by using state-of-the-art laser flash analyzer and differential scanning calorimeter

4.1 Thermal diffusivity measurement method: laser flash
More than 80% o f the thermal diffusivity a measurements in the world is done by using laser
flash technique [Netzsch laser flash analyzer instrument manual, 2009] .This method has the
advantage of using simple test piece configuration, small sample, applicability for a wide range
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of diffusivity values, great accuracy and reproducibility. It takes only a few hours to measure the
thermal diffusivity, a from room temperature to high temperature. Another advantage of this
method is that, for the determination o f a thermal property, neither absolute temperatures nor
heat measurements are necessary. However, in order to estimate the thermal conductivity X, the
measurement of heat capacity, C and density, p need to be done.
The principle of the laser flash method (Figure 5.1) is based on the heating of a specimen by a
short laser pulse on the front side of the specimen and the detection of the temperature increase
at its rear side.
Laser power
k

Temperature
ti

Signal
..

5 ms

^ 500 fjA

Sample
Time

tr

Time

Laser

n
Furnace

Specimen

f f l

Radiation
thermometer

(a)
Figure 4.1: Laser flash method, (a) Laser applied at the front side of the sample, (b) Principle of
the laser flash method [Czichos et al.,2006].

The thermal diffusivity, a in this method is calculated according to equation 4.1 [Netzsch laser
flash analyzer instrument manual]. If the laser applied instantaneously and there is no heat loss
from the sample, the thermal diffusivity is:
i2

a = 0.1388—
2
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Here t ] is the time taken to reach half o f the temperature increase due to the laser pulse. It is
2

assumed that the heat conduction is one dimensional and unsteady, the heat pulse duration is
negligible and there is no heat loss from the sample. The thermal diffusivity is determined based
on the relative temperature change as a function of time only. This is the main reason why
relative measurement uncertainties in the 3-5% range can be achieved even at high temperatures.

4.2 Heat capacity measurement method: differential scanning calorimetry
There are few methods to measure heat capacity. The most accurate method for specific heat
capacity measurements are the adiabatic calorimeter and the drop calorimeter. But these are not
commercially available. The construction o f these two instruments requires considerable effort
and money, while their operation demands substantial experience and time [Czichos et al.,
2006]. Now-a-day, the best differential scanning calorimetric method is measuring the heat
capacity in transient. In the present measurement work, the heat capacity is measured by using
heat flux differential scanning calorimeter (DSC).
DSC is based on a twin system type consisting of identical measuring systems for the sample and
a reference sample (Figure 5.2). The two samples are placed in crucibles mounted in the same
furnace and commonly subjected to a controlled heating or cooling temperature program. The
principle of the heat flux type differential scanning calorimeter is based on the measurement of
the difference of the heat flow rates to the sample and reference sample. Temperatures are
measured by platinum resistance thermocouples. Heat flow rates are measured either by direct
electrical power measurements or by means o f thermocouples or thermopiles. These
thermocouples or thermopiles are based on the determination o f temperature drop across a
thermal resistor, in analogy to the determination o f electrical current by the measurement o f the
voltage drop across an ohmic resistor.
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Disk-type DSC
Sample

: Reference

Figure 4.2: Furnace of the heat flux differential scanning calorimeter [Czichos et al., 2006].

In heat flux differential scanning calorimeter, a low resistance heat-flow path (metal disc)
connects the sample and the reference crucibles. They are enclosed in the same furnace. The
difference in the energy required to maintain them at same temperature is provided by changing
the heat flow to the sample. The heat flow to the reference sample does not change.
Heat capacity measurement in differential scanning calorimeter is a relative measurement. The
sample and the reference samples can be both measured from the same run. However, in this
work, the sample and the reference sample is measured from separate runs to simplify the data
analysis. In our case, the measurement of heat capacity with differential scanning calorimeter
consists of three runs. Each run consists of an isothermal period, temperature ramp and final
isotherm. The three succeeding runs are:
a. First run (baseline measurement): Both the empty sample crucible and reference crucible
placed in the sample holder. A voltage signal is acquired during the experiment.
b. Second run (sample measurement): The voltage signal is measured while the sample is placed
in the sample crucible, keeping the reference crucible empty.
c. Third run (reference measurement): The voltage signal is measured while the reference sample
(for example sapphire) is placed in the sample crucible, keeping the reference crucible empty.
The differential scanning calorimeter data analysis software performs the data subtractions of
baseline and the reference sample automatically. The baseline and the reference runs can be used
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for subsequent sample when the differing weight and heat capacity o f the sample pans are taken
into account. To measure the melting point and latent heat o f fusion only a single run is required.
This measurement is done by melting the sample in the sample crucible. During the endothermic
melting operation, more energy is consumed by the sample to change its phase which results in a
signal peak in the DSC curve. The heat calculation is done by calculating the area of this peak
and converting it into energy by using the DSC data analysis software.

4.3 Indirect measurement of thermal conductivity
The thermal conductivity is measured indirectly. If the thermal diffusivity, a , specific heat
capacity, Cp and the density, p of a material are known, the thermal conductivity, X , can be
calculated from the following equation
X(T) = a{T)pC p{T)

(4.2)

However, p is also varied in function o f T. But in this work, X has been calculated at a constant
value o f p . More detailed about p has been given in the next chapter, section 5.1.3.

4.4 Description of the materials
4.4.1 Materials from industrial aluminium cell
a. Ledge: This material was supplied by industrial aluminium company. It was obtained by
collecting the liquid electrolytic bath from the cell at 960°C and rapidly cooling at ambient
temperature. This frozen bath is highly non-homogeneous material. This material is not so far
away from ledge.

For simplicity, frozen liquid bath can be assumed as ledge. The non

homogeneity o f ledge has been mapped out by its elemental analysis (Table 4.1). The graphical
view o f the semiquantitative analysis is shown in appendix A. The analysis was done by using an
electron microscope for

10

different points on the surface of a specific ledge sample at every

10

mm.
The ledge block has been broken into different small solid parts (Figure 4.3). From the figure
4.3, it is clear that the material has cracks on its surface. The peripheral area o f the solid chunk is
highly porous due to trapped bubbles o f air or fluorine gas during the solidification of the liquid
electrolytic bath.
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Pore at peripheral
area
Crack

Figure 4.3: Ledge collected from the aluminium cell.
Table 4.1: Elemental analysis of the ledge
A ll
r e s u l t s In
w e la h ttt
S p e c tru m

C

O

F

Na

Al

SI

6 .5 1

1 .8 6

3 .3 7

1 .2 9

5 9 .4 6

1 7 .2 4

1 1 .3 6

0 .1 9

6 0 .7 4

1 8 .9 8

1 1 .6 3

0 .1 6

Cl

K

Ca

Fe

T o ta l

0 .6 5

0 .1 6

2 .1 6

0 .4 1

100

0 .5 6

0 .1 3

3 .0 4

0 .0 9

100
100

S p e c tru m
S p e c tru m
S p e c tru m
S p e c tru m
4
S p e c tru m
S
S p e c tru m
6
S p e c tru m
7
S p e c tru m
8
S p e c tru m
9
S p e c tru m
10
S p e c tru m
11
M ean
S td .
d e v ia tio n
M ax.
M in .

1 .2 1

0 .7 6

6 3 .3 9

1 9 .1 5

1 2 .5

0 .3 4

0 .4 8

0 .1 6

1 .4

0 .6

0 .6 4

1 .1 9

6 2 .7 6

1 9 .0 2

1 2 .9 2

0 .1 7

0 .5 4

0 .2 3

2 .3 3

0 .2

100

2 .0 5

1 .2 2

6 2 .4 1

1 8 .4

1 1 .5

0 .0 6

0 .5 3

0 .1 5

3 .5 2

0 .1 6

100

1 .7 4

1 .3 5

6 2 .4 2

1 9 .1 4

1 1 .5 8

0 .0 3

0 .4 1

0 .0 9

3 .1 6

0 .0 9

100

0 .9 4

1 .0 9

6 3 .1 5

1 9 .5 1

1 1 .9 3

0 .0 9

0 .4

0 .2 1

2 .5 9

0 .0 9

100

0 .6 4

1 .2 5

6 2 .5 9

1 8 .4

1 2 .4

0 .0 4

0 .5 3

0 .1 6

3 .8 2

0 .1 6

100

2 .1 7

1 .2 1

6 1 .7 7

1 9 .3 3

1 1 .7 9

0 .0 7

0 .8 3

0 .1 8

2 .5 5

0 .1 1

100

0 .9 3

1 .1 5

6 2 .4 8

1 9 .0 1

1 1 .5 3

0 .1 1

0 .5 6

0 .1 4

4 .0 4

0 .0 6

100

1 .4

0 .6 4

6 3 .1 9

1 9 .3 7

1 1 .8 3

0 .0 3

0 .3 1

0 .2 2

2 .9 6

0 .0 6

100

1 .9 6

1 .1 8

6 2 .2 2

1 8 .8 7

1 1 .9 1

0 .1 2

0 .5 3

0 .1 7

2 .8 7

0 .1 8

10 O

1 .7 1
6 .5 1
0 .6 4

0 .3 1
1 .8 6
0 .6 4

1 .1 7
6 3 .3 9
5 9 .4 6

0 .6 5
1 9 .5 1
1 7 .2 4

0 .4 9
1 2 .9 2
1 1 .3 6

0 .0 9
0 .3 4
0 .0 3

0 .1 4
0 .8 3
0 .3 1

0 .0 4
0 .2 3
0 .0 9

0 .7 7
4 .0 4
1 .4

0 .1 7
0 .6
0 .0 6

b. SiC: A big piece o f virgin SiC was collected from industrial partner. This material is currently
used as sidewall lining material in industrial aluminium reduction cells.

Figure 4.4: SiC block collected from the aluminium cell sidewall.
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c. Graphitized carbon: Industrial partner has supplied a large block of virgin graphitized carbon
to the LAPSUS lab (Laboratoire des Precedes industriels et Simulation numeriques de
l’Universite de Sherbrooke). This carbon material is used as cathode and sidewall lining material
in industrial aluminium reduction cells.

Figure 4.5: Graphitized carbon block collected from the aluminium cell.
d. Graphitic carbon: A small broken piece of virgin graphitic block material was collected from
an industrial aluminium cell. This material is also used as sidewall and cathode lining material in
aluminium reduction pots.

Figure 4.6: Graphitic carbon block collected from the aluminium cell.

4.4.2 Materials from physical laboratory scale model
The sidewall o f the reactor is made out o f an insulation package. The bottom o f the experimental
setup is built up from firebricks and castable concrete. Teflon and zinc have been used to
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measure the thermal performance of the reactor. The descriptions o f these materials are as
follows:
a. Teflon and zinc: Before starting the evaluation of the solidification process of complex liquid
electrolytic bath, the performance o f the oven is evaluated by measuring the solidification
process o f teflon and zinc separately. To predict the solid phase profile at steady and transient
state, thermophysical properties of teflon and pure zinc have also been measured.
b. Concrete HS: This material was used to build the bottom of the oven (Figure 4.7). This
material is a high strength cast and gun mix for service up to 2600°F (1427°C). It incorporates an
intermediate-purity calcium-aluminate cement and closely sized Kaolin aggregate [Thermal
Ceramics, 2010]. This material has very good thermal and mechanical properties, qualities
needed for supporting the crucible and managing the thermal environment inside the oven and
reducing excessive energy losses.

Concrete HS

Figure 4.7: Concrete HS and brick K26 at the bottom (exposed surface) of the oven.

To measure the thermal properties of concrete HS, a bar of this material was collected from the
company named Pyradia who built up the oven in 2009. This material was prepared by mixing
concrete HS powder with water. The mixture has been vibrated in a mold, and dried into air.
After drying, the color o f this bar was greenish. To get the same properties as the one in the
oven, this bar was baked in the oven gradually up to 1000°C for 5 days. After baking, the color
of the concrete HS became brownish, a color similar to the material found in the oven.
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c. Brick K26: This material is a high temperature-insulating firebrick with use limit up to 3250°F
(1788°C) [Thermal Ceramics, 2010]. It has excellent strength, thermal stability and thermal
conductivity. It is used to reduce the heat losses from the oven. This material was also baked in
the oven gradually up to 1000°C for 5 days. After baking, the color of the brick is yellowish, the
same as the brick K26 found in the oven.
d. Insulating material: Fiber craft grade C insulation package was used to insulate the oven at the
sidewall. This material is 98-100% alumina silica and 2% trace metal oxides [Thermal Ceramics,
2010]. This material is inorganic and there is no sodium bond in it. No measurement was done
for this material. In the modeling and simulation part of this master project work, the thermal
properties of this material have been collected from literature [Pyradia, 2009] (Table 7.1).
e. Wool or Kaowool Blanket: This material is used at the sidewall of the experimental bench to
reduce the excessive heat loss and maintain desired thermal environment in the oven. This is
produced from kaolin, a naturally occurring alumina-silica fire clay. The thermophysical
properties o f this material have been collected from the literature [Thermal Ceramics, 2010], No
measurement has been done for this material.

Figure 4.8: Kaowool blanket used at the sidewall o f the oven.

f. Steel: The crucible for solidification of teflon has been done in a AISI 1020 steel crucible. No
thermal property measurement was done for this material. The thermal properties have been
collected from the literature [MatWeb, 2010].
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4.5 Sample preparation
4.5.1 Heat capacity measurement sample preparation
a. First step (Cylinder preparation)
For each material except concrete HS and brick K26, cylinders were prepared by using ordinary
lathe machine. The length of the cylinder is not a big factor, as it is later cut into small slices.
However, the cylinder diameter is an important factor. A standard diameter of 5±0.2 mm is
required. A picture of a SiC cylinder is shown in figure 4.9.

SiC cylinder.
Figure 4.9: First step of heat capacity measurement sample preparation (Cylinder preparation).

It was not possible to prepare the cylinders for concrete HS and brick K26 because these
materials couldn’t be handled appropriately due to their fragileness and low mechanical strength,
especially at low diameter. These materials couldn’t withstand the force o f the cutting tool at low
diameter and low thickness. As a result, they were broken into small pieces.

b. Second step (Sample slicing)
In the second step, the cylinder of each sample was cut into slices of desired thickness by using
diamond saw. The diamond saw gives smooth finishing surface for each sample. The standard
thickness of the heat capacity measurement sample is approximately 1 mm. This value is
however depending on the density and mechanical strength o f the sample materials at low
thickness. For zinc and teflon, it was possible to have a 1 mm thickness. For other materials, like
graphitic and graphitized carbon, ledge and SiC, the thicknesses were slightly above 1 mm
because at low thickness, the mechanical strength o f these materials were not enough to
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withstand the cutting force of the diamond saw. The samples have been sliced up to the
minimum thicknesses. The thicknesses for these types of materials were kept within the range of
1.2 to 1.7 mm.

Figure 4.10: Diamond saw.

The samples for concrete HS and brick K26 have both been prepared manually from two big
pieces of concrete HS and brick K26 respectively. The pieces were broken into small pieces and
made to a round shape by using a knife. The final samples obtained are not completely round
(Table 4.2).
Table 4.2: Image of the heat capacity measurement samples.
Name of the
material
Image
of
the sample
slices

Ledge

1

Graphitiz
ed carbon

SiC

1

1

Graphitic
carbon

1

-

Teflon

Zinc

Concret
e HS

Brick
K26

.........................

Table 4.3: Mass o f the heat capacity measurement samples.
Name of the
material

sample

Mass of the sample (mg)

Ledge

SiC

42.2

30.8

Graphitized Graphitic Zinc
carbon
carbon
22.19

39

22.23

65.1

Concrete Brick
HS
K26
39.78

18.98
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4.5.2 Therm al diffusivity measurem ent sample preparation
The main two steps for preparing the samples for thermal diffusivity measurement are sample
machining and graphite spray.
1. Sample machining: This stage is divided into the following steps
a. First step (Cylinder preparation)
Cylinder for each of the material was prepared by using an ordinary lathe machine. The required
diameter o f the cylinder for LFA is 12.67±0.02 mm. The lengths of the cylinders are not so
important as they will later be cut to the appropriate dimension. As an example, the picture of a
graphitic carbon cylinder is shown in figure 4.11.

Figure 4.11: First step of thermal diffusivity measurement sample preparation (cylinder
preparation): graphitized carbon cylinders.

Two types o f cylinder were prepared for ledge. One was prepared from the nonporous part o f the
solid chunk provided by industrial partner (Figure 4.3). The other cylinder was prepared by
melting the bath previously reduced to fine powder at heating rate of 2°C/min upto 950°C under
inert environment in a cylindrical graphite crucible. The system was kept in isothermal stage for
about 1 h and then cooled down to room temperature at cooling rate o f 2°C/min. The solidified
bath was removed from the crucible and machined to the desired diameter by using the lathe
machine.
b. Second step (Sample slicing)
In the second step, the cylinders were cut into slices o f desired thickness by using a diamond
saw. The chosen thicknesses are depending on the range o f the thermal diffusivity o f materials
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(Table 4.4). In the manual for laser flash analyzer provided by Netzsch, there are some ideal
thicknesses for different types o f material. For each material, three samples with three different
thicknesses within the range o f ideal thickness were prepared (Table 4.5, Figure 4.12). From the
cylinder o f solid electrolytic bath obtained from the melted powder, only one sample has
prepared. This single sample obtained from melted powder is prepared only to compare the
effect o f the bath sample production method on its thermal properties. The details o f these will
be discussed in the chapter 5.
Table 4.4: Ideal thickness of the thermal diffusivity measurement samples (Netzsch laser flash
analyzer instrument manual, 2009].
Thermal diffusivity range
Low diffusivity e.g. polymers (0.01-1 mm2/s)

Possible sample thickness (mm)
0.05 to 3

Medium diffusivity e.g. ceramics (1-50 mm'Vs)
High diffusivity e.g. copper (50-1200 mm2/s)

0.5 to 5
1 to 5

Table 4.5: Thickness of the prepared thermal diffusivity measurement samples.
Name of
the
materials
Sample

Ledge
(mm)

SiC
(mm)

Graphitized Graphitic Teflon
carbon
carbon
(mm)
(mm)
(mm)
2.47
2.42
1.08

1.96

1.55

2.37

2.51

2.73

3.28

2.92

3.45

3.68

3.47

Zinc
(mm)

Concrete
HS
(mm)

1.52

1 .6 6

Brick
K26
(mm)
2.14

1.94

3

2.33

3.18

2.97

3.88

3.19

4

1

Sample
2

Sample
3
Sample
4

2.65
(melting
operation)
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a. Slices of graphitized carbon

b. Slices o f concrete HS

c. Slices o f SiC sample

d. Slices of graphitic carbon

e. Slices of teflon sample

f. Slices of zinc sample

Figure 4.12: Second step o f the thermal diffusivity measurement samples preparation (sample
slicing).

All the samples preparation except ledge was completed within these two steps. Ledge samples
preparation required one step more. This step is:

c. Third step (Surface thickness reduction)
Surface polishing was done to reduce the sample thicknesses of ledge. Ledge is very fragile and
its thermal diffusivity is very low. To have good thermal diffusivity measurements, low sample
thickness is required. During the cutting operation of ledge at low thickness by using the
diamond saw, the samples were easily broken into small pieces. To solve this problem, the
samples were cut at higher thicknesses. After that operation, each sample was placed in a hole o f
a metal block (Figure 4.13). The thickness of the hole can be controlled by using a key. The
sample was placed into the hole and the extra part remains outside o f the hole. The block was
grinded on a fine paper until the extra part of the sample is removed and the level o f the block
and the sample has come to the same level.
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Bottom of the
Fine paper
Metal block

Figure 4.13: Sample thickness reduction of the solid bath.

2. G raphite spray
The graphite coating is an essential feature in the laser flash method to absorb laser flash energy
at the front surface and to raise the amplitude of the infrared rays at the rear surface. The graphite
coating should be uniform and thin. No bubble should be present on the surface of the sample
due to the graphite coating.
Graphite layer

Figure 4.14: Sketch o f the sample coated by two graphite layers.

The spray should be done very carefully to avoid any excessive amount of graphite on the
surface of the sample. The spray on each surface should be done two times for better uniformity.
First time the spray has been done from a certain distance on the sample surface from left to right
and second time from right to left. This method produces a uniform and thin graphite coating
layer. The suitability of the graphite spray over the sample of each material is described as
follows:
a. SiC: No graphite spray is required as the sample itself is already black and ready to LFA
measurement.
b. G raphitized carbon: No spray is required as the material is already black.
c. G raphitic carbon: No spray is required as the material is black.
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d. Ledge: As a first trial, the ledge sample surfaces have been polished with graphite powder
from a virgin cathode to avoid direct penetration of the liquid graphite into the sample body.
Then graphite spray has been applied over both surfaces o f the sample uniformly.
e. Teflon: Graphite spray has been done. The image o f the teflon with graphite layer is shown in
figure 4.12 e.
f. Zinc: The spray has been done and the image of the zinc sample after graphite spray is shown
in figure 4.12 f.
g. Concrete HS: Graphite spray is not suitable for such a material because o f its high porosity.
Concrete HS is absorbing the liquid solvent of the graphite spray. As a result, liquid solution is
directly penetrating into the sample body. This phenomenon gives important errors in the
measured thermal diffusivity data as the material properties can be modified by the penetration
of spray substances inside the pores of the concrete HS.
To avoid this situation, carbon powder has been applied polished on both surfaces of the concrete
HS sample. This makes the brown surface of the concrete HS black enough to absorb the laser
(Figure 4.12 b).
h. Brick K26: This material also absorbs graphite spray. This material is very porous and these
pores were filled up by pressing carbon grease. After, the samples have been baked up to 500°C
for 24 h to convert grease into carbon. After that, the graphite spray was done on each sample
surface.

4.6 Error calculation
4.6.1 Absolute and relative errors
The exact value of a variable is called the true value. The value from the literature is considered
here as true value for the comparison purposes. The value, which is measured, is called the
measured value. The closeness of agreement between the measured value and the true value is
referred as accuracy. The closer the measured value is to the true value, the higher is the
accuracy. As the true value is never known exactly, the concept of accuracy o f a measurement is
a relative one.
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The difference between the measured value and the true value is called absolute error.

If the

measured value of a thermal property is y m and literature value o f that thermal property is y t the
absolute error is
y m- y ,

(4.3)

Relative error is based on a reference value used during the instrument calibration as estimation
for the true value. In our case, the relative error is
re -

xlOO

(4.4)

4.6.2 Precision error for repeated measurement
Repeatability o f a measurement system refers its ability to indicate the same value on repeated
measurements for a specific input value. Higher number of repeated measurements gives lower
precision errors and a better statistical distribution. As the results for most materials were very
precise and reproducible, three repeated measurements have been done under the same
measurement conditions for thermal diffusivity and heat capacity in this master project work.
Precision is a measure o f the repeatability of a measurement system. Higher precision offers a
lower random error, better repeatability or less variation between measurements. The precision
error can be expressed in terms of precision error interval, which indicates within what range the
measured finite data sets can be found. This interval has been calculated according to finite
statistics [Figliola et Beasley, 2006], Such statistical values obtained from finite size data sets
should be regarded only as estimates o f the true statistical values.
Finite size data sets provide the statistical estimation of the sample mean (y) and the sample
variance (Sy). The sample mean value provides a most probable estimate for true mean value and
sample variance represents a measure o f the precision of a measurement.
At each temperature, each thermal property was measured three times. Therefore, each thermal
property at each temperature has a finite data set. Each data set is assumed to follow a normal
distribution. The mean,y, of the measured variable, y, for N = 3 data set, can be calculated by the
following relation:
(4.5)

45

MEASUREMENT OF THERMAL PROPERTIES

Then the sample variance follows:

The standard deviation follows:

- y) 2

S2 =

Sy = ^ ^ I ] f =1(yi —y )2^

(4.6)

(4.7)

For a normal distribution of y about the sample mean value y , it can be stated that

y i = y ±tv,ps y

(4.8)

Where tvp (weighting function) is used for finite data sets and the interval ±tv pSy represents a
precision interval given at probability P% within which one should expect any measured value to
fall. The value o f tvp is a function of the probability P and the degree of freedom, v. The number o f v
in a data set is the number o f independent measurements available for estimating a statistical
value. This is the measure of data scatter which is reduced by 1 toN — 1. v is calculated by the
following expression:
v = jV -l = 3 - l = 2.
It has been observed that among each three repeated measurements, only two of them are
expected to fall within the precision error interval. In this case, P% = 66.67%. From the value of
v andP% = 66.67% 5 L=2 ,p%=66 .67%=1-6923 has been chosen from Student’s t distribution chart
developed by William S. Gosset [Figliola et Beasley, 2006]. From this chart, it can be seen that
t value inflates the size of the interval required to attain a P% to describe y. It has the effect of
increasing the magnitude of ± tvpSy when N is finite.
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CHAPTER 5 CURVE ANALYSIS
The detailed study of the thermal properties is carried out for the graphitic and graphitized
carbon, SiC and ledge as these materials are the main interest o f this project. Each o f the thermal
properties is measured under the same measurement conditions. The indirect measurement o f
thermal conductivity of each material has been conducted by calculating it from the equation 4.2
using a constant density found in the literature for the individual material. The precision error
range for each property for three finite data sets has been calculated statistically by using the
equation 4.7. It seems reasonable to conduct a curve analysis for each property based on the
mean curve.
The thermal properties of the brick K26, concrete HS, teflon and zinc are reported in the
appendix B. The data tables and the polynomial correlations of the thermal properties for
graphitic carbon, graphitized carbon, SiC and solidified electrolytic bath in a separate report due
to confidentiality agreements.

5.1 Graphitic carbon
5.1.1 Heat capacity of graphitic carbon
The validity of the measured heat capacity of graphitic carbon is evaluated by comparing the
measurements obtained with the literature values o f graphite [Sawatmisky, 2003]. In fact, no
literature values could be obtained for such a commercial product. The comparison has been
done at three temperatures between the literature value of graphite and each of the repeated
measurements of heat capacity.
The absolute error is due to the variation in the measurement method, the instrument and type of
the material. The literature values of graphite are obtained from a steady state measurement
method named Electric Volume Heating whereas the measured values o f heat capacity in this
current work have been obtained from a transient relative method. The range o f relative error for
each repeated measurement at three different temperatures is very low. Taking into consideration
the differences already mentioned, it is concluded that the measured heat capacity values o f the
graphitic carbon are reasonable and acceptable.
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The data presented in each graphs has been adimenlionalized due to confidentiality constraints.
The instrument was showing high repeatability up to 623 K (Figure 5.1). The standard deviation
is comparatively higher within the temperature range 623 K to 923 K but the repeatability is still
good. After this temperature, the repeatability is slightly reducing.

Mean beat capacity

0.9

Maximum precision error
limit

>. 0.8

Minimum precision error
limit

0.7

Poly. (Mean heat capacity )

0.6

Poly. (Maximum precision
error lim it)
Poly. (Minimum precision
error lim it)

0.5
0.4

300

500

700

900

1100

1300

Tem perature T (K)

Figure 5.1: Precision error interval for the heat capacity o f graphitic carbon.

Curve analysis
Based on figure 5.1, one could see that the curve is a combination o f two linear segments:
•

low to midrange temperature behavior.

•

high temperature behavior.

From room temperature to midrange temperature, heat capacity is almost increasing linearly as
temperature increases. At high temperature, heat capacity value is almost constant.

5.1.2 Thermal diffusivity of graphitic carbon
Graphitic carbon is a dielectric material, which has medium thermal diffusivity. The optimum
sample thickness referred by Netzsch for this type o f material lies within 0.5 mm to 5mm (Table
4.4). To find out the optimum sample thickness, the thermal diffusivity has been measured for
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three different sample thicknesses (Table 4.5) and (Figure 5.2). There is not a big variation in the
thermal diffusivity value depending on the sample thickness. The optimum sample thickness has
been chosen as 3.47 mm, which is giving the thermal conductivity value the closest to the
literature values.
No literature value for the thermal diffusivity of graphitic carbon is actually available. The
measurement accuracy of thermal diffusivity has been evaluated by comparing the thermal
conductivity values with the literature values. The precision error interval at each temperature is
very low (Figure 5.3). The LFA instrument has very high repeatability for graphitic carbon.
Curve analysis
The analysis of the thermal diffusivity of graphitic carbon can be summarized as:
1. Thermal diffusivity is expressing a reverse non linear relation with temperature
2. Graphitic carbon has the highest thermal diffusivity at room temperature. At 373 K, the
maximum thermal diffusivity is approximately 2.4 times higher than the minimum
thermal diffusivity.

Sample thickness
2.42 (mm)

Sample thickness
3.2S (mm)

Sample thickness
3.47 (mm)

0.3
300

400

500 600

700 800

900 1000 1100 1200

Tem perature T (K)

Figure 5.2: Thermal diffusivity of graphitic carbon for three different sample thicknesses.
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Figure 5.3: Precision error interval for the thermal diffusivity measurement o f graphitic carbon.

5.1.3 Therm al conductivity of graphitic carbon
The calculation of the relative error of the thermal conductivity is essentially the sum of the
relative error for a,p and Cp. The relative error of thermal conductivity is thus:
dA
TA.

=

da

dCD

dp

TCt +

7 Cp
^ +

„
p

<5 I >

In theory, the density o f a material can have a great impact on the thermal conductivity. In
practice however, the density of a solid material does not vary much as a function of
temperature. For example, sintered bonded silicon carbide has a density o f 3160 kg/m 3 at room
temperature and 3110 kg/m 3 at 1000 °C (see table 5.1). This represents a 1.5 % variation over a
fairly large temperature range. Obviously, neglecting such a variation is introducing an error of
1.5 % in our estimation o f the thermal conductivity value at high temperature. The analyses
conducted in this work being comparative (see section 7.3), the impact o f this density variation
on the measurement error is the same for all materials. It has been neglected. In this present
thermal conductivity for each material has been calculated by using the constant room
temperature density value.
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Table 5.1: Density of sintered bonded silicon carbide [NIST, 2010].
Tem perature

Density
(Kg/m3)

Relative errors with respect
to the room tem perature
density value (% )
0.63
1.5

K
293
773
1273

3160
3140
3110

■y

The density o f graphitic carbon lies within 1600 Kg/m to 1630 kg/m [Lombard et al., 1994,
Ohms et Bickert, 1998]. The thermal conductivity of this material has been calculated at a
constant density taken as the average of these two values. The comparison of the measured
thermal conductivity is also done with the thermal conductivity measured by Dumas and Lacroix
[1994]. In their work, they have estimated the thermal conductivity o f graphitic carbon by using
the Kolhausch method. The comparison has been done at room temperature only.
The calculated thermal conductivity values are very close to the literature value obtained by
Dumas and Lacroix [1994], The small difference noticed here is due to:
1. Dissimilar measurement method: The literature value was obtained directly by using a steady
state method where as in the current research works, thermal conductivity values have been
obtained indirectly from transient method.
2. Variability in the material: The properties o f the graphitic carbon depend on its grade i.e. they
are depending on the recipe o f fabrication, baking features like temperature and baking time,
amount and type o f aggregate, presence o f impurities, source o f raw materials [Sorlie et al.,
1995]. These manufacturing characteristics lead to the variations in the thermal conductivity
from one grade to another grade. The materials in the literature and in the present work are
graphitic but it is highly possible that different grades were studied.
3. Grain direction: Carbon materials are anisotropic in nature. The thermal conductivity of
carbon materials vary according to the grain direction [Dumas et Lacroix, 1994: Allard et al.,
2000]. The grain direction o f the graphitic carbon both from the literature and the measured are
unknown. There is a possibility to have a significant error due to the difference in the grain
direction.
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The precision errors from thermal diffusivity and heat capacity are combined in the calculation
of the precision error for thermal conductivity. The precision error interval at each temperature is
almost same.
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Figure 5.4: Precision error interval for the thermal conductivity o f graphitic carbon.

Curve analysis
The analysis is summarized below:
1. Thermal conductivity o f graphitic carbon is expressing two opposite tendencies as
temperature increases (Figure 5.4). From room temperature to 473 K, thermal
conductivity slightly increases as temperature increases. After this temperature, thermal
conductivity is decreasing non-linearly as temperature increases.
2. The lowest thermal conductivity is possible at the aluminium reduction cell operating
temperature.
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5.2 Graphitized carbon
5.2.1 H eat capacity of graphitized carbon
The accuracy and measurement error for heat capacity measurement were evaluated by
comparison with the literature value o f heat capacity of normal graphite material [Sawatmisky,
2003]. The causes of the measurement errors are the same as the causes of the measurement error
for graphitic carbon. However, it has been found that the heat capacity values of graphitized are
closer to the literature values. The measured heat capacity values o f graphitized carbon are
judged acceptable.
The precision error for heat capacity measurement is very high because the instrument has very
high repeatability for carbon materials (Figure 5.5).
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Figure 5.5: Precision error interval for the heat capacity measurement of graphitized carbon.

Curve analysis
The summary o f the analysis of the heat capacity is as follows:
1. Graphitized carbon is showing a significant nonlinear increase in heat capacity from
room temperature to 1116 K (Figure 5.5).

53

CURVE ANALYSIS

2. The maximum heat capacity is approximately two times more than the minimum heat
capacity.
3. Graphitic and graphitized carbons have almost the same heat capacity at low temperature.
However, at high temperature (1073 K), graphitized carbon has 4 % more heat capacity
than graphitic carbon.
5.2.2 Therm al diffusivity of graphitized carbon
Graphitized carbon is a nonmetallic material with high thermal diffusivity. To find out the
optimum sample thickness, thermal diffusivity has been measured for three different sample
thicknesses (Table 4.5, Figure 5.6). The thermal diffusivity curve for sample thickness 2.47 mm
and 2.73 mm are almost overlapping one to the other. The optimum sample thickness has been
chosen as 2.73 mm. because the thermal conductivity values obtained from this sample thickness
are the closest to the literature values of thermal conductivity of graphitized carbon.
Due to high repeatability of the instrument, the percentage o f the precision error at each
temperature is very low (Figure 5.7).
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Figure 5.6: Thermal diffusivity for three different sample thicknesses o f graphitized carbon.
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Figure 5.7: Precision error for the thermal diffusivity o f graphitized carbon.

Curve analysis
The relation of the thermal diffusivity o f graphitized carbon with temperature is summarized
below:
1. Gradual decrease in thermal diffusivity value as temperature increases from room
temperature to high temperature (Figure 5.7).
2. From room temperature to midrange temperature, the decrease is following a steep slope
i.e. the change is very fast.
3. At high temperature, the decrease is following a gentle slope.
Graphitized carbon has distinctly higher thermal diffusivity than graphitic carbon, particularly in
the low temperature range. At cell operating temperature, difference in the rate o f heat diffusion
between graphitized and graphitic carbon is lower.

5.2.3 Thermal conductivity of graphitized carbon
In the literature, the typical density for graphitized carbon is found to be from 1580 kg/m 3 to 1680
kg/m 3 range [Lombard et al., 1994: Homsi et Bickert, 1998]. The thermal conductivity of
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graphitized carbon has been calculated using a constant room temperature density o f 1630 kg/m3,
a value representing the average o f the two mentioned density values.
The thermal conductivity of graphitized carbon depends on the type and its grain direction
[Dumas, et Lacroix, 1994: Sorlie et al., 1995: Allard et al., 2000]. A comparison o f the present
thermal characterization is done with these previous works. The thermal conductivity of
graphitized carbon, characterized by Dumas and Lacroix [1994] and Sorlie et al. [1995] are
showing important differences with the current measurement work. The causes o f this difference
are same as the causes o f the differences o f the thermal conductivity o f graphitic carbon. On the
other hand, the thermal conductivity of graphitized grade A characterized by Allard et al. [2000]
has very good agreement with the current measurement work.
Due to the higher repeatability in the thermal diffusivity and heat capacity values, the thermal
conductivity is also showing high repeatability. However, at aluminium cell operating
temperature, the repeatability is slightly decreasing (Figure 5.8). The percentage of the precision
error is between 0.2 % and 2.5%.
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Figure 5.8: Precision error for the thermal conductivity of graphitized block.
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Curve analysis
The nature of the temperature varying thermal conductivity of graphitized carbon has been
studied and summarized as follows:
1. Thermal conductivity is high at room temperature. At 1172 K, thermal conductivity is 60 %
lower than the thermal conductivity at room temperature (Figure 5.10).
2. The differences between the thermal conductivity o f graphitized and graphitic carbon are more
important at low temperature, a similar conclusion drawn by Dumas and Lacroix [1994]. At high
temperature, the difference is largely reduced.

5.3 SiC
5.3.1 Heat capacity of SiC
The measurement accuracy of the heat capacity of SiC has evaluated by comparing with the
literature value of heat capacity [Raznjevic, 1976]. The error at low temperature is lower than the
error at high temperature. The measurement method and the difference in the aggregate present
in the material are the main causes for the measurement error. However, the measured heat
capacity of SiC is satisfactory with an negligible error.
The precision error interval for the heat capacity of SiC is very low from room temperature to
550 K (Figure 5.9). After this temperature, the instrument repeatability is decreasing but still
acceptable.
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Figure 5.9: Precision error interval for the heat capacity of SiC.

Curve analysis
The nature of the temperature varying heat capacity has been studied and summarized as follows:
1. Heat capacity o f SiC is gradually increasing as temperature increases by following two
linear curves (Figure 5.9).
2. From low to midrange temperature, the progression is comparatively steeper than the
slope at high temperature.
3. The junction point o f these two linear curves is at 523 K.
4. At low temperature, the differences among the heat capacity o f the graphitic and
graphitized carbon and SiC are not so drastically far away. The difference is more
significant at high temperature.
5.3.2 Therm al diffusivity of SiC
SiC has a medium thermal diffusivity. The recommended optimum sample thickness for this type
o f material is within 1 to 5 mm (Table 4.4) according to Netzsch. The thermal diffusivity o f SiC
has been measured for three different sample thicknesses to find out the optimum (Table 4.5,
Figure 5.10). The sample thickness 4 mm has the largest thermal diffusivity. For the sample
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thicknesses 2.14 and 3.18 mm, the thermal diffusivity curves are completely overlapping on each
other. Any one of these two samples can be treated as optimum sample. Randomly, the sample
thickness 2.14 mm has been chosen as optimum.
1
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0.9
0.8
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Figure 5.10: Thermal diffusivity for three different sample thickness o f SiC.

The instrument repeatability in the measurement o f the thermal diffusivity of SiC is very high.
The deviation of the thermal diffusivity value from the mean value is near to zero (Figure 5.11).
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Figure 5.11: Precision error for the thermal diffusivity o f SiC.
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Curve analysis
The curve analysis reveals that:
1. The thermal diffusivity has an inverse nonlinear relation with temperature (Figure 5.11).
2. The thermal diffusivity is high at room temperature but low at cell temperature (Figure
5.11). The maximum thermal diffusivity at room temperature is 67.5 % more than the
minimum thermal diffusivity at 1073 K.
3. The thermal diffusivity o f SiC is close to the thermal diffusivity o f graphitic carbon.

5.3.3 Thermal conductivity of SiC
The thermal conductivity of SiC has been calculated with a constant room temperature density o f
2640 kg/m3 [www.Mat web]. The current measurement o f thermal conductivity o f SiC is
compared with the work of Pan et al [2009]. At 473 K, the mean thermal conductivity measured
is near to the thermal conductivity value 45 W/m/K, measured and estimated by Pan et al [2009]
(Figure 3.23). Again, at 1073 K, the mean thermal conductivity is almost similar to the thermal
conductivity value 28 W/m/K, measured and estimated by Pan et al [2009] (Figure 3.23).
The precision error at room temperature is very low (Figure 5.12). The precision error is
gradually increasing as temperature increases. As the thermal diffusivity measurements are
highly repeatable, the precision errors for heat capacity measurement are greatly contributing to
the precision errors o f thermal conductivity. At high temperature, the repeatability o f the DSC
instrument is significantly reduced for SiC.
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Figure 5.12: Precision error for the thermal conductivity o f SiC.

Curve analysis
The nature of the temperature varying thermal conductivity is studied. The conclusions are
summarized in the following:
1. There is a general nonlinear decrease of the thermal conductivity with temperature
(Figure 5.12).
2. The thermal conductivity at low temperature is approximately 2 times higher than the
thermal conductivity at 1073 K.
3. SiC has higher thermal conductivity than graphitic carbon but lower thermal conductivity
than graphitized carbon for the whole temperature range studied.
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5.4 Ledge
5.4.1 Heat capacity of Ledge
The thermal properties of ledge are very sensitive to its structure and to additives used in the
electrolysis cell. It is possible to link the big variations found in the heat capacity values to the
impurities and additives. According to Taylor (1984), the heat capacity of pure Na 3 AlF 6 is 1930
J/kg/K whereas the heat capacity o f ledge containing impurities and additives is 1850 J/kg/K
[Wei et al., 1997]. In this work, the measured mean heat capacity value at 323 K is far from the
literature values. The causes behind this difference can be explained by:
1. The temperatures at which the measurement o f the heat capacity o f both pure NasAlFg
and ledge were conducted by these authors are unknown. The comparison is made
between literature values of heat capacity at unknown temperature and measured value of
heat capacity at known (room) temperature.
2. The production method of the sample in the literature value is unknown. As discussed
before, the ledge considered here was obtained after rapidly solidifying the liquid bath
from cell operating temperature to room temperature. The cooling path may lead to
significant variation in the crystal structure o f ledge.
3. The divergence in the type and percentage o f the impurities and additives present in the
ledge can also lead to a big variation in its properties.
4. The measurement method, not specified in the reported values, is also leading to a certain
variability in the heat capacity values.
The heat capacity measurement obtained by using the differential scanning calorimeter is highly
repeatable. The precision error is almost the same at each temperature and near to zero (Figure
5.13)
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Figure 5.13: Precision error for the heat capacity o f ledge.

Curve analysis
The temperature varying nature of the heat capacity of the ledge is described as follows:
1. The heat capacity o f the ledge is increasing as temperature increases by following two
segments (Figure 5.13).
2. At the midrange temperature, the heat capacity increases almost linearly.
3. There is a sudden drop at high temperature that is leading to a non-linear increase with
temperature.

5.4.2 Thermal diffusivity of ledge
The thermal diffusivity o f ledge is greatly affected by some physical parameters described in
table 5.2. The sample obtained from the melting operation of ledge powder is porous whereas the
sample prepared from the solid chunk of piece is nonporous and highly dense (Figure 5.14). The
presence of air pockets in the porous sample is inhibiting the normal heat diffusion rate through
the sample. Thermal diffusivity values obtained from the porous sample is 1.6 times less than the
thermal diffusivity obtained from the non-porous sample (Figure 5.15). The thermal conductivity
values of ledge obtained from the nonporous sample is also

1 .6

times higher than the thermal

conductivity values obtained from the porous sample (Figure 5.16). The thermal conductivity
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values obtained from the nonporous sample are coherent and similar to the literature values.
Finally, the rest o f our analysis will be based on the measurements conducted on non porous
samples.
The thermal diffusivity of nonporous samples has been measured for three different thicknesses
to find out the optimal one (Figure 5.17). The precision error for the sample thickness 2.37 mm is
low but the calculated thermal conductivity is lower than the literature value. The percentage of
imprecision for sample thickness 2.92 is high (more than 5%) and the thermal conductivity
values are quite lower than the literature value. Thermal diffusivity from sample thickness 1.96
mm has lower precision error. The calculated thermal conductivity for this sample thickness is in
good harmony with the literature value. Therefore, the sample thickness 1.96 mm has been
picked as the optimal one to measure the thermal diffusivity of ledge.
Table 5.2: Different parameters affecting the thermal diffusivity of ledge.
Name o f parameters

Types

Production methods

Solid chunk

Thicknesses

1.96 mm

a. Porous sample (Powder melting).

Powder melting
2.37 mm

2.92 mm

b. Non-porous sample (Solid chunk).

Figure 5.14: Ledge samples prepared for the thermal diffusivity measurements.
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Figure 5.15: Comparison of the thermal diffusivity of the ledge according to the sample
production methods.
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Figure 5.16: Comparison o f the thermal conductivity of the ledge according to the sample
production methods.
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Figure 5.17: Thermal diffusivity o f the ledge for three different sample thicknesses.

During the measurement of the thermal diffusivity of the ledge, it has been observed that laser
flash analyzer had a comparatively lower repeatability than with other materials (Table B.12).
The high non-uniformity of ledge brought additional difficulties having an impact on the control
of the temperature incremental rate of the sample inside the sample chamber during the
measurement. This phenomenon gives lower measurement repeatability. The precision errors are
high especially with in the temperature range o f 300 K to 700 K (Figure 5.18).
Curve analysis
The evaluation o f the thermal diffusivity of the ledge is summarized as follows
1. The thermal diffusivity of ledge is non-linearly decreasing with temperature (Figure 5.18).
2. From 550 K to 700 K, the thermal diffusivity is almost constant.
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Figure 5.18: Precision error for the thermal diffusivity for ledge.

5.4.3 Therm al conductivity of ledge
The thermophysical properties o f the ledge differ according to the presence and percentage of the
impurities in the Na3 AlF 6 . For pure Na3 AlF6, the density is 2900 kg/m3 [Taylor, 1984: Wei,
1996: Wei et al., 1997] which is different from the density value of 2850 kg/m 3 for the ledge
provided by Comalco Research Centre (CRC) [Taylor, 1984: Wei, 1996: Wei et al., 1997].
Based on the sample dimensions and weight, the estimated density o f the ledge provided by the
industrial partner is closer to the value o f Comalco Research Centre at room temperature. This
estimated density was finally used to calculate the thermal conductivity o f the ledge in this work.
The accuracy of the measured thermal conductivity has been estimated by comparing our
measurements with the literature value provided by CRC [Taylor, 1984: Wei, 1996: Wei et a l,
1997]. These authors are reporting a value o f 1.07 W/m/K when the mean thermal conductivity
measured in this work at 323 K is almost closer to this value. The possible causes of this small
variation are:
1. The temperature and the measurement method of the literature value of thermal
conductivity are unknown.
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2.

As mentioned before in section 4.4.1, the ledge provided by industrial partner is frozen
bath. In the literature, the information about the additives and impurities in the ledge are
not given. Probably, the impurities and additives present in the ledge are not the same as
the impurities and additives present in the ledge mentioned in the literature.

However, the measured thermal conductivity values are judged acceptable.
The precision error o f the thermal conductivity is depending on the precision error o f thermal
diffusivity and heat capacity. The precision errors are the highest in the low and high
temperatures ranges (Figure 5.19).
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Figure 5.19: Precision error interval for the thermal conductivity of ledge.

Curve analysis
The thermal conductivity of ledge has a very non-linear behaviour as a function of temperature.
It is initially increasing with temperature. It then stabilizes before increasing again at higher
temperatures (Figure 5.18). The difference between the maximum thermal conductivity at 748 K
and the minimum at 323 K is very small.
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5.4.4 Latent heat of ledge
The additives and their proportions make the ledge complex in its physical, chemical and thermal
behaviour. The ledge is composed o f the compounds described in table 5.3 based on information
provided by RTA. It is mainly consisting solid Na 3 AlF 6 . The amount of AIF3 is more than AI2 O 3 .
The melting phenomena o f ledge are still under investigation. Many works has been done to
describe the melting and latent heat characteristic o f the ledge [Gijotheim et al., 1982: Kvande,
1983: Dewing, 1990: Zhuxian et al., 1991].

However, many problems are still remaining

unsolved. The exact definition and source of the latent heat, evolved during the melting of ledge
is still a big question'in its thermo-chemical field. Gijotheim et al. [1982] described the existence
o f sodium aluminium tetra fluoride (NaAlF4 ) in a stable solid phase at around 700°C in the
molten cryolite. However, still the solubility of this material is being debated. Kvande [1983]
described the phase change diagram of sodium fluoride - aluminium trifluoride (NaF-AlF3 )
system. In his work, the formation o f the eutectic solution with variation o f temperature and mol
% of AIF3 was described.
Present work did not aim at analyzing the chemical composition o f the ledge. This work was
aimed at finding out the steps of the latent heat evolution during the melting of ledge from low
temperature to cell operating temperature in the aluminium reduction cell.
Table 5.3: Composition of used ledge [Rio Tinto Alcan].

Name of the compounds
Na3 AlF6
AIF3
CaF2
a i20 3
LiF2

Percentage of
amount
75-85 %
7-13 %
1 -8 %
0 -8 %
0-3 %

The latent heat evolved during measurements conducted inside a DSC in dimensionless quantity
is illustrated in figure 5.20. More than five repeated measurements o f melting point and latent
heat o f the ledge were conducted. All of these measurements are giving the same melting
phenomena. The main outcome of one of these melting operations has been given in figure 5.20.
The first peak starting at

. °C is probably due to the evaporation o f moisture from the ledge. In

8 6 8
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some melting operations, the peaks for moisture evaporation did not appear. The peak at 519.9°
C is either due to the chemical dissociation reaction of a to p phase transformation of unknown
compounds. From the literature, it is found that 25% to 35% chiolite (Na5 Al3 Fi4) melts
incongruently at 734°C in the phase diagram o f the NaF- A1F3 system [Gijotheim et Kvande,
1993]. The peak found at 714.7°C onset could be the melting of NasA^Fu with a latent heat of
0.59. In the last part of the figure, the eutectic solution (Na3 AlF 6 + additives) exists
simultaneously in the system. This solution is melting by following two tangential slopes.
Essentially the last slope is matching with the expected melting temperature of Na3AlFe [Salt,
1990]. The extrapolated onset for the second tangential slope was obtained 932.1°C. A latent heat
o f 0.36 was measured during the melting of the salt at 932.1 °C.
The total amount of latent heat evolved in the melting of ledge is the sum o f the energy o f all
peaks except the moisture one i.e. 0.05+0.59+0.36 = 1. In the literature, the value reported for the
latent heat o f pure cryolite is 326.6 kJ/kg while that of frozen ledge is 510 kJ/kg [Taylor, 1984:
Wei, 1996: Wei et al., 1997]. The difference between the latent heat from literature and
measured one are due to the possible following reasons:
1. The difference in the types and portion of the impurities and additives present in the
ledge.
2

. Probably, the measurement method of the latent heat is also an important reason for this
difference. The measurement method in the literature is not mentioned.
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Figure 5.20: Latent heat of ledge.
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CHAPTER 6

MODELING AND SIMULATION

6.1 Description of the 2-D mathematical model
Obviously, it is not feasible to work directly with a real industrial aluminium cell for the project
because of difficulties, complexities and the costs associated with it. Thus a physical model of
the aluminium cell is used as the experimental bench. A 2D transient mathematical model was
developed for the experimental bench. This model represents Stefan phase change problems by
considering the latent heat evolution. One of the limitations o f this model is that it doesn’t
consider the heat losses through the sidewall of the oven. Also the insulation and the bottom
refractory materials o f the oven are not considered. This model is able to predict the phase
change phenomena and thermal condition of the reactor due to the one dimensional axial heat
flow through the oven (Figure 6.1).
In this master work, an existing mathematical model has been modified to take into account the
real physical structure of the whole physical laboratory scale model (Figure 6.2). The governing
equation was taken from the old mathematical model but the boundary conditions were changed.
The modified model is describing the exact phase change phenomena of the PCM in the thermal
reactor due to the axial and the sidewall heat losses through the oven. The modified model can be
done by calculating the accurate thermal environment of the whole oven during the solidification
problem of the PCM.
In order to make the proposed mathematical model representative, simple and adapt it with the
actual physical structure and boundary conditions of the experimental bench, the following
assumptions are made:
(a) The phase change problem is non isothermal.
(b) No convection heat transfer mode is considered in the liquid phase o f the PCM.
(c) From the sidewall, heat flows to the surrounding air due to natural convection. The free
convection heat transfer coefficient is constant over the whole sidewall of the oven.
(d) From the exposed bottom surface o f the crucible, heat flows to surrounding air in the forced
convection mode to represent forced ventilation used in the experimental manipulations. The
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forced convection heat transfer coefficient is constant over the whole exposed bottom
surface of crucible.
(e) From the exposed bottom surface of the brick, heat flows to surrounding air in the free
convection mode. The free convection heat transfer coefficient is constant over the whole
bottom exposed surface of the brick K26.
(f) From the inner exposed surface of the concrete HS and brick K26, heat flow to the
surrounding due to the forced convection. The forced convection coefficient is same as the
constant forced convection coefficient over the whole exposed bottom surface o f crucible.
(g) The constant heat flux is applied on the top of the oven over the crucible and the PCM
region.
(h) No heat flux applied on the insulation layer at the top o f the oven.
(i) The thermal contact resistance between insulation and crucible, insulation and concrete HS,
concrete HS and crucible and concrete HS and brick K26 layer is neglected.
(j) The insulation layer at the sidewall of the oven is consisting o f wool and fiber craft
insulation package. These two layers are considered by using an equivalent insulation layer
with representative thermal resistance.
(k) The heat loss due to radiation is neglected.
(1) The forced convection heat transfer coefficient at the bottom-exposed surface of the crucible
is taken uniformly at all points.

N
Liquid PCM

M ushy
Ctuabie

zone
Solid PCM

Air flow (forced convection)

Figure 6 .1: Schematic of the thermal reactor represented by the mathematical model developed.
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Liquid PCM
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Solid PCM
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Air flow (forced convection) through
nozzle

Figure 6.2: Schematic o f the thermal reactor for modified mathematical model.

The modified mathematical model is:
Governing equation:

H p
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Where / = liquid fraction linearly varying with temperature = -<rT ,-T sl
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(6 . 1)

ifr>7\
if Tsl< T< T,

if T < T,

The distinct feature of this governing equation is that the evaluation of latent heat during the
phase change is accounted by an enthalpic formulation o f the heat balance. The enthalpy is taken

74

MODELING A N D SIMULATION

into account to evaluate the latent heat associated with the phase change o f mixture and pure
PCM. For mixture PCM, the enthalpy is

SH = p ( C ri- C rj T , - T „ ) + pl,

(6.2)

Binary metal alloy PCM system typically contains a two-phase region, which is the mixture of
solid and liquidPCM.

This region is called mushy zone. The enthalpy in this regionis called

mixtureenthalpy.For phase change o f pure PCM, there is no mushy zone andthe enthalpy
S H = plh

'

(6.3)

The thermal properties of the solid and liquid phase of the PCM are constant but the thermal
properties in the mushy zone are depending on the local liquid volume fraction.
Mixture thermal conductivity in the mushy zone is:
^ =

f ) ^ so

(6-4)

Mixture heat capacity in the mushy zone is:
c , = / c „ + 0 - / ) C R.

(6.5)

The boundary conditions are:
=0
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6.2 Description of the 2-D numerical model
The described mathematical model has been solved numerically by spatial discretization through
a numerical approach called Finite Control Volume Method (FVM). The whole computational
domain has been discretized in a number of control volume cells where the variable o f interest is
located at the centroid o f the control volume (Figure 6.3). The most compelling feature o f the
FVM is that the resulting solution satisfies the conservation of quantities such as mass,
momentum, energy, and species [Patankar, 1991]. Conservation is exactly satisfied for any
control volume as well as for the whole computational domain and for any number o f control
volumes. This method is an effective method to model solid-liquid phase change phenomena in
the same volume cell.

6.2.1 Treatment of the irregular geometry
The domain of the whole experimental bench is in irregular shape (Figure 6.3(a)). This
irregularity has handled technically by attaching a nominal rectangle to the exposed bottom
surface of the crucible (Figure 6.3(b)). The whole calculation domain has been discretized in a
way that the boundary o f the real domain overlaps with the control volume faces [Patankar,
1991]. The control volumes in the actual domain are called active control volumes, which are the
solution of interest. The control volumes in the additional domain are called inactive or dummy
volumes, which are not o f interest o f the solution but contribute to form a nominally regular
domain (Figure 6.4).
The boundary o f the exposed bottom surface of the crucible and inner exposed surface o f the
Concrete HS and Brick K26 are convective boundaries. The temperature o f the each inactive
control volume is equal to ambient temperature. The thermal conductivity, X , of the inactive
control volumes should be equal to infinity

(oo),

so that the heat flow through the boundary face
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to inactive control volume is high so that the temperature in the whole inactive control volume
region remain constant at ambient temperature. The output o f this strategy is more
understandable in the simulated temperature profile of the experimental bench in chapter 7 in
figure 7.1, 7.3 and 7.18. ■

(ambient
temperature
region)
/= x

Qf

Q«

v

h 5outh

a.

m

b.

Figure 6.3: Treatment o f the irregular geometry (a) Real domain (irregular shape) (b) Nominal
domain (regular shape).

dO^XradUtn
Boundary of
the
calculation '
domain
Active
boundary
mesh

Inactive
boundary mesh

Figure 6.4: Discretized control volumes in axis-symmetric coordinate over the whole calculation
domain of the experimental bench.

The details o f the discretized linear algebraic equation, treatment of the source term and
boundary control volumes, comer volumes and nonuniform thermal conductivity have been
described in appendix C.
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6.2.2 Liner algebraic equation for internal mesh
The liner algebraic equation for the internal active mesh (Figure 6.4) is derived by integrating
equation 6.1 with time and space interval over its control volume (Figure 6.5). The solution is
obtained by marching in time from a given initial temperature distribution over the whole
calculation domain at time t. This temperature profile will be is used to get the temperature
profile after time interval dt i.e. at time t+dt. The old values of temperature T will be denoted by
Tp, Tp , T ° , T °and T°and the new values at time t+dt will be denoted by TP,TE,TW, TNand T xs .
The integral form of the equation 6.27 for time interval dt is:
3 T
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This integral equation can be instantly turned into the following discretized fully implicit linear
algebraic equation is:
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S = dH (f oU - / ) = source term

(6.20)

The fully implicit scheme is always converging all time positive, which is simple, satisfactory for
small and large time steps (mostly larger time steps), fine grids to coarse grids and uniform and
non-uniform thermal conductivity [Patankar, 1981]. The nonuniformity of the thermal
conductivity values in the present calculation domain is highly satisfied by this scheme.

Internal
control
volume

0

Figure 6.5: Internal control volume for two-dimensional axis-symmetric coordinate.

Treatment of the source term
The discretized linear algebraic equation 6.13 is not completely linear because the source term is
still expressing nonlinearity being dependent on temperature. The nonlinearity of the source
terms makes the resolution o f the system o f equation. To avoid the iteration o f the source term,
this is linearized according to the Taylor’s series expansion. Voller et Swaminathan [1991] given
some mathematical formulation for linearization o f source term related to solidification of phase
change problem. In the current numerical computation, the idea o f Voller has been applied to get
the linear source term. This linearization has been done mathematically by the expansion o f the
liquid fraction / , according to a truncated Taylor series.
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/ = / " " + ^ ( ? ' - F - , ( / " “ ))

(6.21)

dF
Where F (T ) is the function o f the liquid fraction for the independent variable T and — . It
must be evaluated using the old liquid fraction f old. The source term S (equation 6.20) in linear
becomes:

S = SPTP+ Sm

(6.22)

This equation is showing the exact linear behaviour of source term S where
J-f

Sr = - d H —

S„= aH {fu -f)+ a H ^F -'(f)

(6.23)

(6.24)

Now the fully implicit linear discretized equation 6.13 for the internal grid point becomes:

aPTP

where bin = a°pTp +

dySpTp —awTw + aETE + aNTN + asTs + bin

( r.2

re2 \

>2

2

(6.25)

dyScon is the total linearized source term. Except in the PCM

region, the control volume does not have any phase change i.e. no latent heat generation. So the
source term for this type of internal control volume is bin = a°pTp The solution o f the equation
6.25 for control volume at the PCM region is obtained by updating the liquid fraction according
to the following work steps
Step 1: The liquid fraction / is 0 for solid state, 1 for andO< / < 1 in the mushy zone. At the
beginning of the solidification, whole PCM is in liquid state. The solution o f the solidification
process is initiated by setting the liquid fraction f ° = f old = 1. Thus, at the first iteration step, the
term dH (f old - / ) is zero.
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Step 2: The values of a w, a E, a N, a s and ap and the values of — , S P and Sc are calculated
dT
and equation 6.51 is solved to get the temperature Tp at the current time step.
Step 3: The correction o f liquid fraction is necessary to obtain a smooth transition from fully
liquid phase to solid phase. The correction is done by solving the equation 6.21. This correction
is applied at every mesh having applied a undershooting or overshooting correction if necessary.
In fact, if / < 0 , a value o f is / = 0 assigned. On the other side, if / > 1, a value of / = 1 is
assigned.
The procedure from step 2 to step 3 is continued until the convergence o f the solution. For the
grid point out o f the PCM region, the source term is 0 and the liquid fraction is all time 0 or 1.
The linearized heat source associated with the latent heat formation prevents jump in temperature
of the PCM region from one grid to another grid due to taking into account the liquid fraction at
the current iteration level. The temperature is changing gradually with small gradient. Voller et
Swaminathan [1991] has proved that the calculation of source term by using the outlined method
does not required any under relaxation factor.
6.2.3 Solution of the discretized linear algebraic equation
The discretized equation for the internal mesh and the boundary mesh is a set o f simultaneous
equations, which can be solved by using any convenient solution algorithm. For one dimensional
problem, the solution can be obtained by using a very efficient algorithm named TDMA (TriDiagonal Matrix Algorithm) or Thomas Algorithm which is a simplified form of Gaussian
elimination used to solve a system o f linear algebraic equations. To solve two dimensional
problem, modification and simplification o f the two-dimensional equation is required. The
distinctive feature o f this algorithm is the non-zero and positive coefficients should lie along the
diagonals of the matrix. The problem has been solved by using line-by-line method where
discretization equations for the meshes have been considered along a chosen line [Patankar, 1981
et Patankar, 1991]. The detailed of this method is not described in this work. However, the
treatment o f the two dimensional equation by using this method is described. The solution
procedure is described for the overall calculation domain.
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If the y-direction neighbors of the discretized linear algebraic equation are assumed to be known
tentatively, then the equation would have only three unknown Tp, TEandTw. The form o f the linear
algebraic equation along radial direction would be
aiTi =

1

+ aMTM + d i

\< i< M _r

(6.26)

= aw

Where

aM = aE
dj

=

ap

d t = aNTN + osTs + b
The value TN andTs denote estimated values. The equation 6.26 has the form o f linear algebraic
equation in one dimensional problem. This method consists of making use of the TDMA along
all the lines in the R direction. Same technique is repeated along all lines in the Y direction. The
new values of the temperatures calculated for meshes along a line are using as the estimated
temperatures for the solution of the meshes in the next line [Patankar, 1991].
The described algebraic equations in the linear form are not truly linear. The equations are solved
iteratively by using Jacob method. Jacob method convergence is fast for a large number of
meshes. The solution is initialized by introducing a known temperature field to obtain a new
temperature field. This process is repeated until the solution goes to convergence.

6.2.4 Structure of the computer program
All calculations have been performed under the main program (Figure

. ). It consists of the

6 6

function initialization variable, mesh generation, heat transfer coefficient calculation, solution,
conservation o f energy and graphics file. The function initialization variable is defining the
solution stop criteria at the convergence condition, dimension of the calculation domain, fixed
properties like density o f materials and latent heat o f fusion temperature o f phase change
problem. The function, mesh generation is discretizing the whole calculation domain. Heat
coefficient function is calculating the free and forced convection heat transfer coefficient. The
function solution is describing the solution o f the linear algebraic equations which consists o f the
three sub function and three subsub function. F inverse and dFdT derivative functions are used
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to calculate the liquid fraction (equation 6.24). The resistance is calculating the resistance at the
boundary region and the properties calculation function is updating the thermal conductivity and
heat capacity o f materials with temperature. The energy conservation function is calculating the
heat energy imbalance o f the oven and validates the model by showing that the system goes to
steady state with zero energy imbalance.

Main Program

Initialisation
Variable

Definition_varia
ble

Introduction
dimension

Initialisation o f
fixed properties

Mesh generation

Heat_coefficient
calculation

Solution

Energieconserv
ation

Enthalpique_soli
tion

Resistance

Properties_calcul
ation

Graphics file

F inverse

Jacobi

dFdT derivative

Figure 6 .6 : Structure of the computer program o f described numerical model.

6.2.5 Flow diagram of sequence of action of the computer program
The working sequence o f the computer program through flow diagram is shown in figure 6.7.
Each block of this diagram is representing tasks of the computer program.
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Incut

Mesh generation

Initialization o f temperature and liquid fraction

Calculation o f heat transfer co-efficient at boundary regions

Calculation o f thermal conductivity and heat capacity from the temperature

Calculation o f thermal resistance at the boundary

Calculation o f therm al conductance for each m esh

Beginning o f solution
New iterative temperature field

Yes
max differ(T-Tcld)< max
»-i--------

Nn
Correction o f Liquid fraction

Calculation o f heat loss

Output

Figure 6.7: Flow diagram o f the computer program.
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6.3 Validation of the numerical model
6.3.1 Validation with respect to numerical aspects- Mesh density and time steps
The effect of the mesh density and the time steps on the prediction o f the energy variance or
residual power accretion and location o f the solid front at steady state conditions has been
investigated for the solidification of process of teflon. The mesh density has been evaluated for
four spatial mesh designs: i) 0.01 m both in r and y direction, ii) 0.005 m both in r and y
direction, iii) 0.0025 m both in r and y direction and iv) 0.01m in r direction and 0.000125 m in y
direction. The steady state behaviour of the solid front of teflon has been performed for each of
the mesh design at time step 10 s (Figure 6 .8 ). If the mesh is fine enough, the mesh density does
not impact greatly on the solidified front o f liquid teflon at steady state. The mesh 0.01 m is too
course as it is impacting on the position of the solidified front at steady state (Figure 6 .8 ). At the
steady state, the solid front for all mesh designs except the coarse one is almost identical. It can
be concluded that we do not gain any precision by using a mesh finer than 0.005 m both in r and
y direction. This mesh has thus been chosen for the rest of our analysis.
As expected, the time step does not have any effect on the steady state behaviour o f the solid
teflon (Figure 6.9). However, the time step is affecting the transitory behavior o f the model.
Higher time step prolongs the energy imbalance (Figure 6.10). For lower time step the average
progression of the solidification front is rapid with comparison o f higher time steps (Figure
6.11). For certain time steps 1 or 5 sec the result does not change a lot. The time steps 5 s has
been chosen for the further numerical analysis.
Finally, it concludes that for the chosen mesh size 0.005 m both in r and y direction and the time
step 5 s, the predicted results are independent o f these numerical parameters.
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Figure 6 .8 : Prediction o f solidification front of teflon at steady state conditions for different
meshes at time step 1 0 s.
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Figure 6.10: Evaluation of the energy imbalance at different time steps for spatial mesh 0.005 m
in both r and y axis during teflon solidification process.
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Figure 6.11: Effect o f the time steps on the average progression of the solidification front 6 h
after starting the solidification process of teflon for spatial mesh 0.005 m in both r and y axis.
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6.3.2 Validation with experimental results
An experiment was conducted to measure the progression o f the solid front o f teflon during its
solidification process inside a furnace cooled at the bottom by forced convection. Linear variable
differential transformer (LVDT) was used to measure the vertical movement of the solidification
front with time at the inner bottom centre o f the crucible. Two thermocouples were placed at two
different points to measure the temperatures o f the PCM during the solidification process (Figure
6.12). The horizontal radial distance o f each point from the central axis was measured before
placing the thermocouple in the crucible but the vertical distance of each point is an approximate
estimation. One thermocouple is measuring the temperature T/C2 at radial distance 0.08 m from
the central axis of the crucible and vertical distance

0 .0 1

m from the inner bottom o f the crucible.

Another thermocouple is measuring the temperature T/Cl at a radial distance 0.06 m from the
central axis o f the crucible and vertical distance 0.07 m from the bottom o f the crucible.
At the beginning of the solidification process, all the PCM in the steel crucible were in liquid
state (Figure 6.12). The solidification process is initiated when a single constant air jet impinge
at a flow rate 0.0025 m3/s at the bottom surface o f crucible to cool down the PCM region (south
side) through an ordinary single round nozzle (Figure 6.2). The nozzle was placed at a distance
of 0.18 m from the bottom o f the crucible so that it can cover the whole exposure surface to
extract the heat uniformly. The forced convection heat transfer co-efficient was estimated at 53
W/m /K based on the calculation conducted with external flow impinging jet empirical
correlation for a single round nozzle [Incropera et a l, 2007],
The free convection constant heat transfer coefficient of 5.87 W/m2/K at the west exposed
surface of the insulation layer has been calculated based on the modified form o f Churchill and
Chu empirical correlation [Incropera et al., 2007]. Whereas the free convection coefficient 2.6
W/m2/K at the exposed south surface o f the brick K26 has obtained from empirical correlation of
free convection airflow over the lower surface o f a hot plate [Incropera et al., 2007].
The described numerical model was adapted with real boundary condition representing those
used during the experiment to predict real thermal environment o f the oven and the thickness of
the solid front o f teflon. A spatial mesh o f 0.005 m both in r and y direction and time step of 5 s
has been used to conduct the simulation.
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The comparison between experimental and the simulated results have done for five data points
measured during experimental work (Table 6.1). The measured initial values of temperature
T/Cl and T/C2 are almost matching with the calculated one. Therefore, it has assumed that the
solidification process commenced from the same initial thermal environment over the whole
oven during both experiment and simulation. During the solidification process, the estimated
value of T/Cl is higher than the measured value. The main cause o f this difference is possibly
incorrect estimation o f the vertical distance o f T /C l. The temperature gradient inside the crucible
is very high and thus the vertical distance position has a big impact on the results. The
temperature at T/C2 after 4 h in both experiment and simulation is identical (Figure 6.13, Figure
6.14). This temperature indicates that after 4 h, at the T/C2 point, teflon is in solid phase at this
position (Figure 6.15). After 14 h, the solid front thickness at the inner bottom centre o f the
crucible is measured 0.0175 m (Figure 6.16) whereas the calculated thickness is 0.0155m (Figure
6.17). The simulated results are logical and not so far away from the experimental results. It is
confirming that the described numerical model is able to make good prediction for phase change
problems and to describe the thermal environment of the experimental bench.

Steele crucible
Liquid
Teflon

70inm

Figure 6.12: Crucible filled with liquid teflon before starting the solidification process
[Coulombe, 2009],
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Table 6.1: Comparison o f numerical results with experimental results.
Points of view
Initial T/Cl (before starting the solidification process)
Initial T/C2 (before starting the solidification process)
T/Cl during the whole solidification process
T/C2 after 4 h of the solidification process
Solidification front of teflon obtained at the centre (after
14 h)

Experimental
results
700 K
(Figure 6.13)
600 K
(Figure 6.13)
700 K
(Figure 6.15)
500 K
(Figure 6.17)
0.0175 m
(Figure 6.19)

Simulation
results
700K
(Figure 6.14)
648K
(Figure 6.14)
800 K
(Figure 6.16)
500 K
(Figure 6.18)
0.0155 m
(Figure 6.19)
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Figure 6.13: Measured T/Cl and T/C2 before starting the solidification process o f teflon.
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Figure 6.14: Calculated T/Cl and T/C2 before starting the solidification process of teflon.
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Figure 6.15: Measured temperature T/Cl during the whole solidification process of teflon.
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Figure 6.16: Calculated temperature T/Cl during the solidification process o f teflon.
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Figure 6.17: Measured temperature T/C2 4 h after starting the solidification process o f teflon.
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Figure 6.18: Calculated temperature T/C2 4 h after starting the solidification process of teflon.
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Figure 6.19: Solidification front thickness as a function of time at the inner bottom centre of the
crucible.
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CHAPTER 7

RESULTS AND DISCUSSION: NUMERICAL
SIMULATION

7.1 Implementation of the model to evaluate the phase change phenomena of
teflon
A spatial mesh of 0.005 m (both in r and y direction) has been chosen in the simulation
conducted to predict the dynamic movement o f the solid front o f the teflon during its
solidification process inside a cooled furnace. The simulation has been conducted for a time step
of 5 s.
The physical data used in this simulation is given in table 7.1.The latent heat of teflon has been
measured at 12115.9 J/kg (Figure B.8 ). The thermal conductivity of liquid teflon has been
extrapolated from the thermal conductivity curve o f solid teflon [Blumm, J. et a l, 2008].
The forced convection heat transfer co-efficient at the exposed bottom south surface o f the
crucible is 53 W/m 2 /K. The free convection heat transfer co-efficient at the sidewall is 5.87
W/m2/K and the south side exposed bottom surface o f the Brick K26 is 2.6 W/m 2 /K. The
calculation of these heat transfer coefficients have been already described in the previous
chapter, section 6.3.2.
The solidification process o f the liquid teflon has commenced when all the PCM in the crucible
is 100% melted. The temperature profile at this point of the oven has been considered as the
initial condition of the oven. This technique provides gentle temperature differences from one
point to another over the whole experimental domain (Figure 7.1). This initial temperature
profile prevents the divergence of the solution due to large temperature variation from one mesh
to another mesh.
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Liquid Teflon
Steel erucible
CqncrtfeHS
Brick KJ6
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0 o.l

Redhu ofthe even <|r|» m)

Figure 7.1: Initial temperature profile o f the whole experimental bench before starting the
solidification process.

The time counter used to trace the transitory behaviour of the solidification process of teflon has
started when the forced convection air stream is applied at the bottom exposed surface of the
crucible. The detailed of the predicted thermal environment in the whole experimental domain
has been shown in the Appendix D. The temperature of the liquid teflon is gradually decreasing
when cooling starts. The liquid teflon temperature moves toward the softening point where the
molecules gets closer to each other and begin to form layers like liquid crystal. This layer can be
named as halfway between solid and liquid. The Van der Waal attraction forces between the
molecules become stronger and the halfway gradually converts into solid polycrystalline layer at
the softening point temperature. The predicted location o f these phases at steady state is shown in
figure 7.2. The temperature profile of the whole experimental domain at steady state is also
shown in figure 7.3. The maximum temperature fluctuation occurs inside teflon. At steady state
condition, the maximum temperature difference between two iterations is 0.0005 K, from which
one can conclude that the convergence has been reached (Figure Appendix D.4).
Power losses estimation of the oven at steady state has been mapped out in table 7.2. The 2-D
heat flow through the oven is facing higher resistance on the sidewall region. About 8 % of the
total power is lost through the sidewall o f the oven. As expected, the maximum amount o f heat is
flowing through the exposed bottom surface o f the crucible due to its lower thermal resistance.
About 69% power is lost through this surface.
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Table 7.1: Physical data used in the numerical calculations o f phase change problem of teflon.

Physical parameters

Numerical values

Latent heat o f fusion (measured)

12115.9 J/kg (Figure B.8 )

Constant heat source, Qn (top of the crucible)

4 kW/m 2

Difference between softening point and
liquefaction temperature

10K

Therm al conductivities:
“Insulation layer

0.35 W/m/K [Pyradia, 2009]

“Steel A IS I1020

51.9 W/m/K [MatWeb, 2010]

“Brick K26

mean empirical correlation (equation B.8 )

“Concrete HS

mean empirical correlation (equation B.17)

Solid teflon

0.3 W/m/K [Blumm, J et al., 2008]

“Liquid teflon

0.8 W/m/K [Blumm, J et al., 2008]

0

H eat capacities:
“Insulation layer

259 J/kg/K [Pyradia, 2009]

“Steel A IS I1020

599 J/kg/K [MatWeb, 2010]

“Brick K26

mean empirical correlation (equation B.2)

“Concrete HS

mean empirical correlation (equation B .l 1)

° Solid and liquid teflon

mean empirical correlation (equation B.20)

Densities fat room tem perature!:
“Insulation layer

280 kg/m 3 [Pyradia, 2009]

“Steel AISI 1020

7870 kg/m 3 [MatWeb, 2010]

“Brick K26

640.7 kg/m 3 [Thermal Ceramic, 2010]

“Concrete HS

2003 kg/m 3 [Thermal Ceramic, 2010]

“Solid and liquid teflon

2190 kg/m 3 [Yutopian,
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Figure 7.2: Prediction of the solidification front of teflon at steady state conditions.
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Figure 7.3: Temperature profile of the whole oven for teflon solidification process at steady state
conditions.
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Table 7.2: Power losses estimation of the whole oven at steady state conditions of the
solidification process o f teflon.
Power input at the top of crucible (north side o f oven), E
Power out through the side wall, Z
Power out through the exposed bottom surface o f crucible (south o f the
oven), A
Power out through the south side exposed brick surface, B
Power out through the south-east inner side brick and concrete region, C
Total power out through the south side o f the oven, 0 = (A+B+C)
Total power out from the oven, (Z+0)
Percentage of the power losses through the exposed bottom surface o f the
crucible, (A/ (Z+0))
Percentage of the total power losses through the south side of the oven, (0
/(Z + 0 ))
Percentage o f the power losses through the side wall, (Z/ (Z+0))

502.65 W
41.40 W
345.34 W
11.93 W
103.97 W
461.25 W
502.65 W
69%
92%
8 %

L iq « n ttfio a

Solid ttfloB

'L

Figure 7.4: Power losses through the oven during the solidification process of teflon.

7.1.1 Effect of the physical parameter on the prediction of the phase change profile of teflon
Input heat flux
The predicted results for teflon solidification process under the described boundary conditions
and physical parameters in table 7.1 are considered as the nominal case condition. Figure 7.5
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shows the effect o f the heat input on the prediction o f the phase change profile. If the input heat
flux drops by 25% from the base case heat flux 4 kW/m2, the thickness o f the solid front of
polycrystalline teflon at the centre o f the crucible increases by

1

cm at the steady state due to

lower temperature of the liquid teflon. On the other hand, if the heat flux is raised by 25%, the
thickness of solid front at the center drops by 0.5 cm in comparison to the nominal case at steady
state, due to the overheating o f the liquid teflon. At first three hours, the time varying
progressions of the average solidification front of polycrystalline teflon are identical for the three
already mentioned heat fluxes (Figure 7.6).

Forced convection heat transfer coefficient
The location of the solidification front has also been investigated under the influence o f variable
forced convection heat transfer coefficient. If the heat transfer coefficient increases or drops by
30 % from the nominal case, the thickness o f the solidification front o f teflon at the centre is
almost stable at steady state condition (Figure 7.7). However, the transitory behaviour of the
average solidification front is affected by the heat transfer coefficient (Figure 7.8).

Difference between softening point and liquefaction temperatures
The value o f this temperature difference has been chosen arbitrarily. The results show that this
temperature difference has infact no impact on the steady and transitory behaviour o f the system
(Figure 7.9, Figure 7.10).
0.07
Solidification front of Qn 5 MW/m*
•

Solidification from al f^, 4 MW/m1

——- Solidification from at

| 0 JB

3 Wf/m*

\

0JB

Radius ofthe crucible flr] * m)

Figure 7.5: Effect of the heat input on the prediction o f the solidification front profile o f teflon at
steady state conditions.
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Figure 7.6: Effect of the heat input on the prediction o f the transitory behaviour of the average
solidification front of teflon in the crucible.
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Figure 7.7: Effect of the forced convection heat transfer coefficient on the prediction of
solidification front profile o f teflon at steady state conditions.
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Figure 7.8: Effect of the forced convection heat transfer coefficient on the transitory behaviour of
the average solidification front of teflon in the crucible.
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Figure 7.9: Effect o f the temperature difference between softening point and liquefaction
temperatures on the prediction of the solidification front o f teflon at steady state conditions.
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Figure 7.10: Effect of the temperature difference between softening point and melting
temperatures on the prediction o f the transitory behaviour o f solid front o f teflon

7.1.2 Sensitivity analysis of the thermal properties
Effect o f the precision errors o f the thermal conductivity o f brick K26 (Figure 7.11) and concrete
HS (Figure 7.12) on the prediction o f the solidification front o f teflon have been studied. As
expected, it is observed that the precision errors o f the thermal conductivity o f these materials do
not have any effect on the thickness o f the solid teflon in the crucible. The thermal conductivity
of brick K26 and concrete HS are not so critical to simulate the exact location of the
solidification profile o f teflon.
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Figure 7.11: Effect o f the precision error of the thermal conductivity o f brick K26 on the
prediction o f the solidification front o f Teflon at steady state conditions.
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Figure 7.12: Effect of the precision error of the thermal conductivity of concrete HS on the
prediction of the solidification front o f teflon at steady state conditions.

On the other side, the thermal conductivity of teflon influences the numerical prediction
calculated with this model. Due to its lower thermal conductivity, the results are more sensitive
to the properties of solid teflon than to that of liquid teflon. A 3% deviation o f the thermal
conductivity o f solid teflon from the nominal value leads to measureable impact on solidification
front prediction. At steady state, the significant effect has been observed at the peripheral region
o f the crucible (Figure 7.13). However, in the transitory evolution, the effect is clearer on the
fluctuations of the average thickness of solid phase in the crucible (Figure 7.14). After 25 h,
change of 3 % of thermal conductivity leads to a 0.2 cm difference in the average thickness of
the solid teflon. Alternatively, even for 25% deviation o f the thermal conductivity from its
nominal value does not have any effect on the prediction o f the thickness of teflon in steady and
transitory cases (Figure 7.15, Figure 7.16).
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Figure 7.13: Effect o f the thermal conductivity of solid teflon on the prediction of the
solidification front at steady state conditions.
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Figure 7.14: Effect of the thermal conductivity o f solid teflon on the prediction o f the transitory
behaviour o f the solidification front of teflon.
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Figure 7.15: Effect of the thermal conductivity o f liquid teflon on the prediction o f the
solidification front o f teflon at steady state conditions.
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Figure 7.16: Effect o f the thermal conductivity o f liquid teflon on the transitory behaviour of the
average solidification front in the crucible.

7.2 Prediction of the phase change phenomena of zinc
In the study of the phase change phenomena o f zinc, it is difficult to get a stable solidification
front under realistic boundary conditions, for example using a forced convection heat transfer
coefficient under 150 W/m 2 /K. Very high thermal conductivity values of solid and liquid zinc
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lead to very low thermal resistance in the solid and liquid zone. As a result, the temperatures in
these zones are very uniform. This higher uniformity in temperatures results in a rapid
solidification o f zinc, after applying the air stream at the bottom of the crucible. A stable
solidification front of zinc is possible only if extreme forced convection heat transfer coefficient,

•y

for example 2000 W/m /K, is applied at the bottom o f the crucible. However, this extreme
condition is possible only if the cooling is done by using a liquid like water [Incropera et al.,
2006]. However, this idea is not so practical for actual the experimental bench.
Due to the unstable solidification front o f zinc, the investigation o f the effect o f the thermal
conductivity of materials has not been carried out.

7.3 Prediction of the phase change phenomena of ledge
The phase change profile o f liquid electrolytic bath has been investigated under the physical
parameters described in table 7.3. The solidification process is simulated with a spatial mesh of
0.005 m both in R and Y direction under a heat flux of 20 kW/m 2 imposed at the top o f the
crucible. The cooling conditions o f the oven used with the solidification of teflon were kept here.
The initial temperature profile of the whole experimental bench is shown in figure 7.17. Initially
all the PCM in the crucible is liquid electrolytic bath. As forced convection airflow is applied at
the exposed bottom surface of the crucible, the liquid electrolytic bath gradually freezes and
forms ledge with time. A region named mushy zone can be found between the liquid electrolytic
bath and ledge, at temperatures between solidus and liquidus. After 45 h of starting the cooling
process, the system goes to steady state conditions (Figure 7.18)
The energy balance at steady state condition has been described in table 7.4. According to the
numerical prediction, about 80% of the total heat is lost through the south side of the oven
whereas about 4 times less heat energy is lost through the sidewalls of the oven. At the centre of
the crucible, the ledge thickness is 4.5 cm when the system arrives at steady state conditions
(Figure 7.18). More detailed results about the predicted phase change problems are given in
appendix D.
The temperature in the liquid region is almost uniform whereas the temperature in the solid is
varying linearly with the height (Figure 7.19). The maximum temperature in the liquid bath is
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approximately 1300 K, a condition found at the top center o f the crucible. The maximum
temperature difference from one iteration to the other is found at the ledge and liquid bath
interface. At steady state condition, the maximum temperature difference is 0.00015 K, from
which it can be concluded that convergence has been reached (Figure Appendix D.9).
Liquid
electrolytic bath

'Graphite crucible
Concrete HS

Brick K26

Ambient temperature
region

Insulation layer
Height of the oren fly] “ m)

0

Radhu of the ortn (Jr) * nD

Figure 7.17: Temperature profile o f the whole experimental bench before starting the
solidification process of liquid electrolytic bath.
0.1
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Liquid layer
0J07
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Figure 7.18: Progression of the solidification front with time at the centre o f the crucible during
the solidification process o f liquid electrolytic bath.
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Figure 7.19: Temperature profile of the whole experimental bench at steady state conditions for
the solidification process of liquid electrolytic bath.

7.3.1 Effect of the physical parameter on the prediction of the phase change profile of ledge
Heat input at the top of the crucible
The phase change profile under the described boundary conditions and the physical parameter in
table 7.3 are considered as a nominal or base case. The measured latent heat o f fusion of
solidified bath described in the separate confidential document of this work is used to evaluate
the phasec change phenomena of ledge. The mean empirical correlation used in the numerical
calculation for each property of Graphitic and ledge are also reported in that confidential
document. The investigation o f the effect o f the heat input on the location o f the ledge layer has
been accomplished for a ± 5kW/m 2 variation o f the heat flux from the nominal case heat flux.
When the heat flux is higher, the bath is overheated and liquid bath temperature increases. As a
result, ledge melts and a new thermal equilibrium is established. On the other hand, when the
heat flux is lower, the temperature o f bath is reduced. As a result, more ledge forms (Figure 7.19
and 7.20).
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Table 7.3: Physical data used in the numerical calculations of the phase change problem of liquid
electrolytic bath.
Physical param eters

Numerical values

Latent heat of fusion

confidential data

Constant heat source, Qn (top of the crucible)

20 kW/m 2

Therm al conductivities:
°Insulation layer

0.35 W/m/K [Pyradia, 2009]

“Graphitic carbon

mean empirical correlation

“Brick K26

mean empirical correlation (equation B.8 )

“Concrete HS

mean empirical correlation (equation B.17)

° Ledge

mean empirical correlation (confidential
data)

“Liquid bath

10 W/m/K [Marois et a l, 2009]

Heat capacities:
“Insulation layer

259 J/kg/K [Pyradia, 2009]

“Graphitic carbon

mean empirical correlation

“Brick K26

mean empirical correlation (equation B.2)

“Concrete HS

mean empirical correlation (equation B.l 1)

° Ledge and liquid bath

mean empirical correlation (confidential
data)

Densities ta t room tem perature):
“Insulation layer

280 kg/m 3 [Pyradia, 2009]

“Graphitic carbon

1.615 kg/m 3 [Dumas et Lacroix, 1994]

“Brick K26

640.7 kg/m 3 [Thermal ceramics, 2010]

“Concrete HS

2003 kg/m 3 [Thermal ceramics, 2010]

° Ledge and liquid bath

2763 kg/m 3 [Wei e ta l, 1997]

Time step, At

5s
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Table 7.4: Power losses distribution in the oven at the steady state conditions o f the solidification
process of liquid electrolytic bath.
Power input at the top of crucible (north side o f oven), E

2268.20 W

Power out through the side wall, Z
Power out through the exposed bottom surface of crucible (south o f the
Oven), A

449.00 W

Power out through the south side exposed brick surface, B
Power out through the south-east inner side brick and concrete region, C
Total power out through the south side o f the oven, 0 = (A+B+C)
Total power out from the oven, (Z+0)
Percentage of the power losses through the exposed bottom surface of
the crucible, (A/ (Z+0))
Percentage of the total power losses through the south side of the oven,
( 0 1 (Z+0))
Percentage of the power losses through the side wall, (Z/ (Z+0))

1327.20 W
77.17 W
414.66 W
1819.03 W
2268.03 W
59%
80%
2 0

%

Ltqatd MKtrohtic b t ti

'L

Figure 7.20: Power losses through the oven during the solidification process o f liquid electrolytic
bath.
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Figure 7.21: Effect of the input heat flux on the prediction of the solidification front of ledge at
the steady state conditions.
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Figure 7.22: Effect o f the input heat flux on the prediction on the transitory behaviour o f the
average solidification front o f ledge.

Forced convection heat transfer coefficient
The forced convection heat transfer coefficient has a great impact on the formation o f ledge
inside the crucible and heat losses from through the exposed bottom surface o f the crucible.
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Generally speaking, it can be assumed that the temperature difference between the ambient and
the oven is constant. The constant heat flux that enters at the top o f the crucible and liquid bath
is:
Q _ (T„ 'Rgmb)

Where the total resistance is:

^ J^

R = Rov + Ramb

Figure 7.23: Thermal resistances on the constant heat flow path from oven to ambient region.

If Qn is kept constant, Rlol should also be constant. If the value o f forced convection heat transfer
coefficient increases, Rambdecreases. To keep R,ot constant, Rov will have to increase by forming
more ledge in the crucible. Again, if the heat transfer coefficient is low, the reverse phenomena
will happen. In figure 7.24 and 7.25, the effects of the forced convection heat transfer co
efficient are seen. The results are summarized as follows:
i. At hsoulf, = 75 kW/m 2 /K, the heat losses through the bottom exposed surface are boosted by 6 %
resulting in a 0.5 cm thicker ledge compared the nominal ledge thickness at the inner bottom
centre o f crucible (Figure 7.24). The average ledge thickness in the transitory state is 0.5 cm
more than the nominal average ledge thickness (Figure 7.25).
ii. At lower forced convection (hsouth = 41 kW/m 2 /K), the heat losses through the bottom exposed
surface drops by 17%. At steady state conditions at the inner centre o f the crucible, this drops
results in a 1 cm drop in the ledge thickness when compared to the base case (Figure 7.24). In the
transitory state, the average ledge thickness drops by
thickness (Figure 7.25).
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Figure 7.24: Effect of the forced convection heat transfer coefficient on the prediction o f the
solidification front o f ledge at steady state conditions.
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Figure 7.25: Effect o f the forced convection heat transfer coefficient on the prediction of the
transitory behaviour o f ledge.

Temperature difference between solidus and liquidus temperatures
The temperature difference between the liquidus and solidus temperatures depends on the bath
composition [Hongmin et al., 2007]. This temperature difference can be called as delta mushy.
This difference decreases when the percentage of the NaCl (sodium chloride), LiF (lithium

113

RESULTS AND DISCUSSION: NUMERICAL SIMULATION
fluoride) or AI2 O 3 is increased in the bath composition. The effect of this temperature difference,
arbitrarily defined to 20 K in the base case on the variation o f the ledge thickness has been
investigated. As seen as figure 7.26 and 7.27, this parameter doesn’t influence the prediction of
the dynamic behaviour o f the ledge.
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_ 1 • ., ■Solidification front a t della mushy 25 K
Solidification front a t delta mushy 20 K
' Solidification front e t delta mushy 10 K
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Figure 7.26: Effect o f the temperature difference between solidus and liquidus temperature of
bath on the prediction of the ledge at steady state conditions.
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Figure 7.27: Effect o f the difference between solidus and liquidus temperature o f bath on the ,
prediction o f the transitory behaviour o f the average thickness of ledge.
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7.3.2 Sensitivity analysis effect of the thermal properties on the prediction of ledge
thickness
Effect of the thermal conductivity of the sidewall lining materials
The effect of the sidewall materials thermal properties on the thickness o f the ledge is very
interesting. The simulation has been carried out to predict the dynamic behaviour o f the ledge
when graphitic carbon, SiC and graphitized carbon are respectively used as the crucible in the
experimental oven. The ledge thickness is depending on the thermal conductivity o f the sidewall
materials. The higher is the thermal conductivity o f sidewall, the higher are the heat losses
through the sidewall, which results in a thicker ledge layer forming at the cooled surface o f the
crucible.
The effect of the sidewall materials is summarized as follows
1. At steady state conditions, at the centre of the crucible, the ledge thickness is identical for
graphitic and SiC materials. However, the center of the ledge formed in graphitized carbon
crucible is 0.5 cm thicker than the ledge formed for graphitic and SiC materials. More important
differences are seen at the peripheral region (Figure 7.28).
2. The ledge formed in the graphitized carbon crucible is the thickest one. The ledge is thicker in
SiC crucible than the ledge formed in graphitic carbon (Figure 7.29).
3. The average progression of the ledge with time is the same for both SiC and graphitic crucible
carbon crucible (Figure 7.30). But the ledge profile at steady state conditions is slightly thicker in
the SiC crucible than the one found in graphitic carbon crucible.
4. The average thickness o f the ledge in graphitized carbon crucible is 0.25 cm higher than the
average thickness of ledge in the graphitic carbon crucible (Figure 7.29).
5. As shown in table 7.5, the sidewall power losses at steady state conditions is lower by 9 % for
graphitized carbon crucible followed by SiC crucible (- 3 %) when compared to the sidewall
power losses found with the graphitic carbon. Intuitively, the power losses through the bottom
exposed surface o f the crucible are boosted up by 1.3 % for SiC crucible and 4.2 % for
graphitized carbon crucible when compared to graphitic carbon crucible.
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Table 7.5: Power losses estimation for three different sidewall lining materials at the steady state
conditions for the solidification process o f liquid electrolytic bath.

6

Crucible

Sidewall power losses, Z
(W)

Graphitic carbon

4 63.27

1325.60

SiC

4 4 9 .9 6

1342.40

Graphitized carbon

421.63

1381.30

South side exposed bottom surface of crucible, A
(W)

. The system goes to steady state conditions more lately due to forming more ledge when

graphitized carbon crucible is used (Figure 7.30).
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Figure 7.28: Effect of the sidewall lining materials on the prediction o f thickness o f ledge at
steady state conditions.
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Figure 7.29: Effect o f the sidewall materials on the transitory behaviour of the average thickness
of ledge.
The impact o f the precision error o f the thermal conductivity of the sidewall materials on the
prediction of the exact thickness o f the ledge has also been investigated. Large precision error
interval of thermal conductivity results in large variation in the sidewall heat losses and ledge
thickness. Due to the smaller precision error interval o f graphitic and graphitized carbon and SiC,
the heat losses through the crucible are not varying drastically. There is no significant fluctuation
in the ledge thickness both at steady and transient state (Figure 7.30, 7.31, 7.32 and 7.33).
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Figure 7.30: Effect o f the precision error of the thermal conductivity o f graphitic carbon on the
prediction of the solidification front of ledge at steady state conditions.
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Figure 7.31: Effect of the precision error o f the thermal conductivity of graphitic carbon on the
transitory behaviour of ledge.
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Figure 7.32: Effect of the precision error of the thermal conductivity of graphitized carbon on the
prediction of the solidification front of ledge at steady state conditions.
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Figure 7.33: Effect of the precision error of the thermal conductivity of graphitized carbon on the
transitory behaviour of ledge.
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Figure 7.34: Effect of the precision error o f the thermal conductivity o f SiC on the prediction of
ledge thickness at steady state conditions.
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Figure 7.35: Effect of the precision error of the thermal conductivity o f SiC on the transitory
behaviour of average thickness o f ledge.

Effect of the thermal conductivity of ledge and liquid electrolytic bath
The thermal conductivity of ledge is controlling the thermal resistance through the ledge. The
higher the thermal conductivity is, the lower is the thermal resistance which results in a higher
amount o f heat passing through the ledge on the cooled surface of the oven. This thermal
phenomenon is reducing the liquid bath temperature and forming a thicker ledge on the cooled
surface o f the oven. The sensitivity o f the thermal conductivity o f ledge on modeling results has
been analyzed by evaluating the effect of the precision error of thermal conductivity. Based on
the thermal characterization described in chapter 5, the percentage of the precision errors with
temperature is ranging from 0.74% to 3.74 %.The effects o f the precision error o f thermal
conductivity of ledge can be summarized as follows:
i. At steady state conditions, the ledge thicknesses at the centre of the graphitic crucible are
identical for both maximum and mean thermal conductivity whereas for minimum thermal
conductivity, the ledge at the inner bottom centre o f the crucible is 0.5 cm less (Figure 7.36).
ii. More significant differences are appearing in the peripheral region o f the graphitic crucible
(Figure 7.36).
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iii. At first 5 h o f the solidification process, the average ledge thicknesses with time are
indistinguishable (Figure 7.37). After 10 h, the average thicknesses o f ledge obtained from
minimum and maximum thermal conductivity is deviating by ± 0.25 cm from the average
thickness o f ledge obtained from the mean thermal conductivity (Figure 7.37).
iv. At steady state conditions, the average thickness obtained from mean thermal conductivity is
reaching an average value between minimum and maximum thermal conductivity (Figure 7.36).
The effect of the thermal conductivity of liquid bath on the prediction o f ledge thickness has
been evaluated. The value considered in the nominal case was arbitrarily assumed to be 10
W/m/K (Table 7.3). The convection phenomenon inside the liquid electrolytic bath has not been
calculated in this numerical model. The convection effect has been counted indirectly by
choosing a higher thermal conductivity value for the liquid bath in comparison to that of the
ledge. However, this thermal conductivity is actually working as an effective thermal
conductivity to facilitate the thermal heat flow phenomena inside the liquid bath and makes the
solidification process more rapid.
When the thermal conductivity of liquid bath is low, the thermal resistance through the liquid
bath is high. Higher thermal resistance increases the bath temperature which results in lower
amount of ledge. If the thermal conductivity drops by 90% to a value o f 1 W/m/K, the ledge
thickness is dropped by only 0.5 cm from the nominal case ledge thickness at the inner bottom
centre of the crucible (Figure 7.38). On the other hand, if the thermal conductivity climbs up by
900% to 100 W/m/K, the ledge thickness is almost identical with the nominal case ledge
thickness. For the transitory behaviour o f the ledge, no significant has been found (Figure 7.39).
From this analysis, it can be concluded that this arbitrary parameter doesn’t have an important
influence on the steady state and transitory results.
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Figure 7.36: Effect of the measurement precision of ledge thermal conductivity on the prediction
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Figure 7.37: Effect of the ledge thermal conductivity on the transitory behaviour of average
thickness o f ledge.
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123

CONCLUSIONS AND RECOMMENDATIONS

CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions
The research work was aiming at measuring the thermal properties of some materials used in the
aluminium reduction cell. The main objective o f this project was to measure respectively the heat
capacity, thermal diffusivity and thermal conductivity of graphitic and graphitized carbon, SiC
and ledge. The measurement of latent heat evolved during the melting o f ledge was also
conducted in this research work. Each of the properties was measured three times under the same
measurements conditions. The precision error for each of the thermal properties was calculated
statistically.
As the second objective, the effect of the precision error o f thermal conductivity of each material
on the prediction o f the solidification profile o f ledge was also investigated by simulating the
thermal behavior of an experimental oven where the materials are used. The impact o f the
sidewall lining materials used in aluminium reduction cell on the dynamic variation of ledge
profile was investigated. The conclusions o f this research work can be described as follows:
1. The prediction o f the exact thickness of the ledge formed on the sidewall o f the
aluminium reduction cell is highly sensitive to the thermal conductivity of ledge.
The precision errors (maximum 3.75 %) in thermal conductivity o f ledge can lead
a big variation in the thickness o f ledge. So, the measurement of thermal
conductivity should be as precise as possible.
2. The thermal conductivity of liquid electrolytic bath is not as sensitive as the
thermal conductivity o f ledge to predict ledge thickness.
3. The ledge thickness formed on the sidewall of the aluminium reduction cell is also
greatly affected by the sidewall lining materials. For graphitized carbon sidewall
o f the cell, the ledged formed at the steady state conditions is thicker than the other
sidewall lining materials studied (SiC and graphitic carbon). The heat loss through
the graphitized carbon sidewall is more than the SiC and graphitic carbon.
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4. The precision errors in the thermal conductivity measurements o f the sidewall
lining materials have also a big impact on the thickness of the ledge if the error is
high. In current work, the precision error for thermal conductivity of these
materials are very low which are not enough to create a large variation in the heat
loss through the sidewalls of aluminium reduction cell.

8.2 Conclusions (in French)
Les travaux de recherche visaient a mesurer les proprietes thermiques de certains materiaux
utilises dans la cellule d'electrolyse. L'objectif principal de ce projet etait de mesurer la chaleur
specifique, la diffusivite thermique et la conductivity thermique de plusieurs materiaux
industriels: le carbone graphitique et graphitise, le SiC et Telectrolyte solide, appele egalement
bain electrolytique ou gelee. La mesure de la chaleur latente de fusion de la gelee a egalement ete
menee dans ce travail de recherche. Chacune des proprietes a ete mesuree a trois reprises dans
les memes conditions de mesure. L'erreur de precision pour chacune des proprietes thermiques a
ete calculee statistiquement.
Comme deuxieme objectif, l'effet de l'erreur de precision de la conductivity thermique de chaque
matyriau sur la prediction du profil de solidification de la gelee a egalement ete etudie en
simulant le comportement thermique d'un four experimental ou les materiaux industriels sont
utilisys.L'impact des materiaux utilises pour le

mur de cote de la cellule d ’electrolyse de

l'aluminium sur la variation dynamique du profil de gelee a ete etudie. Les conclusions de ce
travail de recherche peuvent etre decrites comme suit:
1. La prediction de l'epaisseur exacte de la gelee formee sur la paroi laterale d’une
cellule d’electrolyse de l'aluminium est tres sensible a la conductivity thermique de
la geiye. Les erreurs de precision (maximum 3,75%) de la conductivity thermique
de la gelee peuvent entrainer une grande variation dans l'epaisseur. Done, la
mesure de la conductivity thermique doit etre aussi precise que possible.

2. La conductivity thermique du bain electrolytique liquide n ’a pas autant d ’impact
que la conductivity thermique de la gelee par rapport a la prediction de l'ypaisseur
de gel.
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3. L'epaisseur de la gelee formee sur le flanc de la cellule d’electrolyse est egalement
fortement affectee par les materiaux de cote. La gelee formee a l'etat d'equilibre
lorsque le mur de cote est forme de carbone graphitise est plus epaisse que lorsque
les autres materiaux (SiC et carbone graphitique) sont utilises. La perte de chaleur
a travers la paroi de carbone graphitise est plus importante que celle estimee avec
Tutilisation de carbone graphitique ou de SiC.

4. Les erreurs de precision dans les mesures de conductivity thermique des matyriaux
de la paroi laterale ont egalement un impact important sur l'epaisseur de la gelee,
lorsque cette erreur est elevee. Dans les travaux en cours, l'erreur de precision de
la conductivity thermique de ces materiaux est tres faible, done pas assez
importante pour creer une grande variation dans la perte de chaleur par les parois
laterales de la cellule d ’electrolyse de l'aluminium.

8.3 Recommendations
The outcomes of these results are highlighting the importance of the temperature varying thermal
properties of materials used in the aluminium reduction cell. We expect that the results o f this
work will serve as a baseline for the future works in this area. From the experimental results
presented, there are a few areas where immediate work would be needed. The author would like
to recommend the following:
•

Measure the temperature varying thermal properties like heat capacity, thermal
diffusivity and thermal conductivity o f ledge for different cryolite ratio, weight
percentage o f A I F 3,

•

C aF2

and A I 2O 3.

Measure the heat capacity, thermal diffusivity and thermal conductivity o f liquid
electrolytic bath. These measurements facilitate to better understand the thermo-chemical
aspects o f liquid bath.
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•

Need further study on the chemical sources of the latent heat evolved during the melting
of the ledge. This study will give clear definition about the chemical sources o f peaks
observed in figure 5.20.

•

Need evaluation of the effect o f carbon orientation on thermal properties to assess the
impact o f anisotropy of these materials.

•

Validate the outcomes o f the simulation with the experimental one for the solidification
process o f liquid electrolytic bath.

•

Do more repetition (at least twenty) in future in the measurement o f thermal properties to
do better statistics of the analysis.

8.4 Recommandations
Les resultats obtenus soulignent Timportance des proprietes thermiques des materiaux utilises
pour la fabrication des cuves d ’electrolyse de l’aluminium et de leur relation avec la temperature.
L’auteure espere que les resultats ptesentes serviront de base pour des travaux futurs touchant les
memes sujets. Elle voudrait tout de meme recommander quelques pistes futures :
•

Mesurer les proprietes thermiques telles que la chaleur specifique, la diffusivite
thermique et la conductivite thermique en fonction de la temperature pour Telectrolyte
solidifie et ce, pour differents ratios cryolithiques et pourcentages massiques des
principaux additifs : A 1F3 , CaF2 and A I2 O 3 .

•

Mesurer la chaleur specifique, la diffusivite thermique et la conductivite thermique en
fonction de la temperature pour 1’electrolyte liquide. Ces mesures permettraient une
meilleure comprehension des aspects thermo-chimiques du bain liquide.

•

Etudier de fa 9 on plus approfondie la source de degagement d ’energie observee lors de la
fusion du bain electrolytique. Une telle etude pourrait donner une definition claire des
sources chimiques a l’origine des maxima observes a la figure 5.20.

•

Valider les resultats numeriques des simulations avec des mesures experimentales
effectuees sur le procede de solidification du bain electrolytique liquide.

•

Dans les futurs mesures de caracterisation thermique, effectuer plusieurs repetitions (au
moins

vingt)

afin

d’ameiiorer
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APPENDIX
Appendix A: Semiquantitative analysis of ledge
Spectrum 11
S pectrum 2

solid bath 1
Spectrum 3
Spectrum 4
S pectrum 5
S pectrum 6

Spectrum 7
Spectrum 8
Spectrum 9

Si
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Full Scale 10339 cts Cursor: 0.009 keV (2649 cts)

*0-
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25
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Figure A. 1: Graphical views o f the elemental analysis o f ledge by using electron differential
microscope.
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Appendix B: Thermal properties of material
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Figure B .l: Precision error for the heat capacity measurement of brick K26.

Table B .l: Precision error interval for the heat capacity o f brick K26.
Heat
Heat
Heat
M axim um
capacity capacity capacity M ean heat Standard
precision M inim um Percentage
Cp2 '
Cp3
Tem perature
capacity deviation -tv.P,S e error lim it precision o f precision
C pl
T (K )
(J kg K ) (JTcg'K) (Jk g /K ) ( J k g K ) Sc ( J k g K ) (J kg K ) (Jk g /K ) error lim it error (%)
323.59
727.40
718.56 739.05 728.3367
8.39
14.20
742.53
714.13
1.94
373.59

S07.10

795.63

828.82

810.51

13.76

23.29

833.80

787.22

2.87

423.59

880.74

898.19

914.73

897.88

13.87

23.48

921.37

874.40

2.61

473.59

909.10

950.55

958.99

939.54

21.80

36.89

976.44

902.64

3.92

523.59

928.63

983.99

985.37

965.99

26.42

44.72

1010.72

921.27

4.62

573.59

953.58

1014.93

1010.91

993.14

28.02

47.42

1040.56

945.71

4.77

623.59

977.28

1039.6

1016.99

1011.29

25.75

43.59

1054.88

967.69

4.31

673.59

994.72

1057.63

1047.22

1033.19

27.53

46.59

1079.78

986.59

4.50

701.09

1001.11

1072.15

1057.53

1043.59

30.62

51.83

1095.43

991.76

4.96
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Polynomial correlation of the heat capacity of brick K26
C

Maximum heat capacity:
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=0.9836
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Figure B 2: Precision error for the thermal diffusivity of brick K26.

Table B.2: Precision error interval for the thermal diffusivity of brick K26.
M ean
sta n d a rd
M a x im u m M in im u m
T h e rm a l T h e rm a l T h e rm a l
th e m ia l d e v ia tio n
p re c isio n p re c isio n P e rc e n ta g e
T e m p e ra tu re d iffu siv ity d iffu siv ity d iffu siv ity d iffu siv ity
^ t v,pS« e rro r lim it e rro r lim it o f p re c isio n
s*
a l (m m -vs) ct2 (m m 2 s' «3 ( m m 5'si (m m 2 s) ( m m 2/s) (m m 2 's) m m 2's
mm2s
e rro r (% )
T (K )
32 3 .0 6

0 .5 7

0.5 7

0 .5 7

0 .5 7

0 .0 0 2

0 .0 0 4

0.5 8

0.5 7

0.71

372.93

0.52

0.52

0 .5 2

0 .5 2

0 .0 0 2

0 .0 0 4

0.52

0.51

0 .9 2

4 7 2 .9 6

0 .4 6

0 .4 6

0.4 6

0 .4 6

0 .0 0 1

0 .0 0 2

0 .4 6

0 .4 6

0.61

57 3 .6 0

0 .4 5

0 .4 5

0 .4 6

0.45

0 .0 0 2

0 .0 0 4

0 .4 6

0.45

1.09

674.13

0.4 4

0 .4 4

0.44

0.44

0 .0 0 2

0 .0 0 4

0 .4 4

0.43

1.12

773.83

0 .4 4

0.45

0.45

0.45

0 .0 0 4

0 .0 0 7

0 .4 5

0 .4 4

1.74
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Polynomial correlation for the thermal diffusivity of Brick K26
a ^ = 0.00000172 - 0.00147"+0.9231
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Figure B.3: Precision error for the thermal conductivity of brick K26.

Table B.3: Precision error interval for the thermal conductivity of brick K26.
Tem perature
T
(K)

standard
Thermal
Therm al
Therm al Mean thermal deviation
conductivity conductivity conductivity conductivity
S).
±tv.pS>.
>.1 (W in K ) U (W /m 'K ) /. 3 (W /m 'K ) ( W m K ) (W /m K ) ( W m K )

M axim um
precision
error limit
(W m K )

M inim um
precision Percentage
error limit of precision
( W m K ) error (%)

323.06

0.29

0.29

0.29

0.29

0.002

0.004

0.29

0.28

1.52

372.93

0.29

0.29

0.2S

0.29

0.001

0.002

0.29

0.28

0.92

472.96

0.29

0.29

0.29

0.29

0.001

0.001

0.29

0.29

0.63

573.60

0.30

0.30

0.30

0.30

0.002

0.003

0.30

0.30

1.15

674.13

0.30

0.30

0.30

0.30

0.002

0.003

0.31

0.30

1.13
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Polynomial correlation for the thermal conductivity of brick K26
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Figure B.4: Precision error interval for the heat capacity of concrete HS.

Polynomial correlation for the heat capacity of concrete HS
Maximum heat capacity:

Cp^ = -0 .0 0 1 7 2 +2.1217 + 2
RsI

Mean Heat capacity:

C„

P m eat

= 0.976

= -0.0017 + 2.0737 + 207.8
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Cp^ = -O.OOOr2 + 2.026T + 208.2

Minimum heat capacity:

R s 2c

Anin

(B. 12)

= 0.986

Table B.4: Precision error for the heat capacity of concrete HS.

Heat capacity Heat capacity Heat capacity
Temperature measurement measurement measurement
Cpl (J (kg'K)) Cp2 (J (kg'K)) Cp3 (J (kg K))
T (K )
323.19
671.93
662.21
678.56
373.19
775.15
761.72
764.81
808.77
423.19
823.38
809.50
841.87
837.84
473.19
851.32
856.27
523.19
870.03
862.38
876.27
573.19
883.64
873.00
889.17
623.19
887.64
880.55
673.19
887.56
893.52
888.25
723.19
884.46
891.01
888.88
881.69
773.19
887.18
887.60

Mean Standard
heat
deviation
capacity
±t ViPs cp
S;p
( J kg K) (J k g K ) (J k g K )
6.71
670.90
11.36
5.74
9.71
767.22
11.37
813.88
6.72
843.67
5.64
9.56
862.89
5.62
9.52
877.63
4.44
7.53
885.78
3.75
6.36
889.77
2.66
4.50
888.11
2.72
4.61
885.49
2.69
4.55

Maximum Minimum
precision precision Percentage
error limit error limit of precision
(J'kgK )
(J k g K )
error (%)
682.26
659.53
1.69
776.94
757.50
1.26
825.25
802.50
1.39
834.11
1.13
853.23
872.41
853.36
1.10
885.16
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Figure B.5: Precision error for the thermal diffusivity of concrete HS.

Polynomial correlation for the therm al diffusivity of concrete HS
Maximum thermal diffusivity:

a^

= 0.0000005r2 -0 .0 0 0 T+ 0.724

133

(B. 13)

APPENDIX B

Rsl“min =0.989
a mea„ = 0.0000006f2 - O.OOOr+0.722

Mean thermal diffusivity:

Rsl

a m ean

Minimum thermal diffusivity:

(B. 14)

=0.991

= 0.0000006712 - O.OOir + 0.988

(B. 15)

Rsla min =0.988
Table B.5: Precision error interval for the thermal diffusivity o f concrete HS.

T e m p e ra tu r e
T (K )
3 2 2 .7 0
3 7 2 .7 6
4 7 3 .0 6
5 2 3 .3 0
5 7 3 .4 0
6 2 3 .4 0
6 7 3 .4 3
7 2 3 .4 0
7 7 3 .4 3

T h e rm a l
d if f u s iv ity a l
( m m 2's)
0 .4 8
0 .4 4
0.41
0 .3 9
0 .3 7
0 .3 6
0 .3 5
0 .3 4
0 .3 3

M ean
M a x im u m
th e rm a l
p re c is io n
T h e rm a l
S ta n d a rd
T h e rm a l
d if fu s iv ity d iffu s iv ity d if fu s iv ity d e v ia tio n *> v,pS„ e rro r lim it
<*2 ( m m ; 's) a 3 ( m m 2/s) ( illn i: s) S . ( m m 2 s) ( m m 2 s) ( n u n 2 s)
0 .4 8
0 .4 8
0 .4 8
0 .0 0 0
0.001
0 .4 8
0 .4 4
0 .4 4
0 .4 4
0.001
0 .0 0 2
0 .4 4
0 .0 0 4
0 .0 0 7
0.41
0 .4 0
0 .4 0
0 .4 0
0 .3 8
0 .3 8
0 .3 9
0 .003
0 .0 0 5
0 .3 9
0 .3 7
0 .3 7
0 .3 7
0 .3 7
0.001
0 .0 0 3
0 .3 6
0 .3 6
0 .3 6
0.001
0 .0 0 2
0 .3 6
0 .3 5
0 .3 5
0 .3 5
0.001
0 .3 5
0 .0 0 0
0 .3 4
0 .3 4
0 .3 4
0 .0 0 0
0 .0 0 0
0 .3 4
0 .3 3
0 .3 3
0 .001
0 .3 4
0.3 3
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Figure B.6 : Precision error for the thermal conductivity of concrete HS.
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Polynomial correlation of the thermal conductivity of concrete HS
Maximum thermal conductivity:

A ^ = -0.00000IT2 + 0.494

(B. 16 )

Rsl'Snm =0.927
Mean thermal conductivity:

Amean = -0.00000008r2 + 0.519

(B. 17)

Rsl/ Ttiean =0.931
Minimum thermal conductivity:

Ailin = -0.0000007r2 + 0.544

(B. 18)

Rs2
=0.922
/Snin
Table B.6 : Precision error for thermal conductivity o f concrete HS
standard

Maximum Minimum Percentage

Thermal

Thermal Mea thermal deviation
Thermal
precision precision
of
± t v.pS;. error lim it error lim it precision
Temperature conductivity conductivity conductivity' conductivity
T(K)

71 ( W m K ) 72 (W m K ) 73 (W /m K )

(WmK)

(W /m K ) (W /m K ) (W /m K ) (W /m K ) error (%)

322.70

0.64

0.65

0.65

0.65

0.003

0.006

0.66

0.64

0 .9 8

372.76

0 .6 9

0.6S

0.6S

0.68

0.005

0.009

0.69

0.67

1.35

473.06

0 .6 9

0.67

0.67

0.68

0.009

0.015

0.70

0.66

2 .3 0

523.30

0.6S

0.67

0 .6 7

0.67

0.006

0.011

0.69

0.66

1.68

573.40

0.66

0.65

0.65

0.65

0.007

0.012

0.67

0.64

1.82

623.40

0.65

0.64

0 .6 4

0.64

0.005

0.010

0.65

0.63

1.55

673.43

0.63

0.63

0.63

0.63

0.002

0.63

0.63

0.38

723.40

0.61

0.61

0.61

0.61

0.001
0.001

0.002

0.61

0.61

0 .3 4

773.43

0.59

0 .6 0

0.59

0 .5 9

0.002

0.003

0.60

0.59

0 .6 4
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B.3 Teflon
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1400

- Maximum precision
error Umit
■ Minimum precision
error Umit

g
i
I
t

P o h . (M ean H eat

Capacity)
Poly. (Maximum
precision error Umit)
Poly. (Minimum
precision error Umit)

300

350

400

450

500

550

T e m p e ratu re T (K)

Figure B.7: Precision error interval for the heat capacity o f solid teflon.
Table B.7: Precision error for the heat capacity of teflon.
Mean standard
M axim um M inim um
Heat capacity Heat capacity Heat capacity' Heat deviation
precision precision Percentage
Temperature m easurem ent m easurem ent measurem ent Capacity
- t vpS., error limit error limit of precision
Sep
T (K)
C p l (J k g K ) Cp2 (J kg K ) Cp3 (J k g K ) (J k g K ) ( J k g K ) (J k g K ) (J k g K )
(J k g K )
error (%)
323.59

984.53

975.88

974.80

978.40

4.35

7.36

985.77

971.03

0.75

373.59

1082.43

1080.58

1081.68

1081.56

0.75

1.28

1082.84

1080.27

0.11

423.59

1163.19

1162.22

1161.64

1162.35

0.63

1.08

1163.43

1161.26

0.09

473.59

1245.99

1242.67

1242.28

1243.64

1.66

2.81

1246.46

1240.83

0.22

496.59

1283.13

1283.63

1283.22

1283.32

0.21

0.36

1283.69

1282.96

0.02

Polynomial correlation for the heat capacity of teflon
Maximum heat capacity:

Cp

= -0 .0 0 0 0 IT 2 +1.6227+480.8

(B .l9)

R slAnn =0.996
Mean heat capacity:

Cp^

= -O.OOOT2 + 2.1327’+373.3

(B.20)

RslPmean =0.995
Minimum heat capacity:

Cp^ = -0 .0 0 1712 + 2.643J + 265.8
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R sl

Pmtan

=0.995
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Figure B.8 : Latent heat evaluation o f teflon.

B.4 Zinc
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Figure B.9: Precision error for the heat capacity measurement o f zinc.

Polynomial correlation for the heat capacity of zinc
Maximum heat capacity:

cpmax = °-000872 - 0.6267 + 551.4
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R slPmax = 0.894
cpmean =

Mean heat capacity:

T2 - 0.618T + 547.6

0 0 0 0 8

(B.23)

=0.904

R s 2c
Pmean

Minimum heat capacity:

CPmjn = 0.0008T2 - 0.697T + 543.9-

(B.24)

=0.911

R s 2c
Pmean

Table B.8 : Precision error for the heat capacity o f zinc.
Heat
capacity
Tem perature
CPI
(Jk g K )
T (K )

Heat
Heat
Standard
capacity capacity Mean heat deviation
Cp3
capacity
Scp
Cp2
(Jk g /K ) ( J k g K ) ( J k g K ) (J kg K)

M axim um M inim um
precision precision Percentage
v,pScp error lim it error lim it o f precision
(Jk g K )
(Jk g K )
(J'k g K )
error (%)

3 2 3 .5S

440.93

442.08

443.65

442.22

1.11

1.88

444.10

440.33

0.42

373.58

418.82

420.17

420.59

419.86

0.75

1.27

421.13

418.58

0 .3 0

423.58

420.48

421.44

421.56

421.16

0.48

0.81

421.97

420.34

0.19

473.58

424.42

426.06

426.02

425.5

0.76

1.29

426.79

424.20

0 .3 0

523.58

431.59

432.59

431.61

431.93

0.46

0.78

432.71

431.14

0.18

573.58

441.76

441.33

441.38

441.49

0.19

0.32

441.81

441.16

0.07

614.58

451.86

451.07

451.17

451.36

0.35

0.59

451.96

450.77

0.13
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Figure B. 10: Precision error for the thermal diffusivity o f zinc.
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Polynomial correlation for the thermal diffusivity of zinc:
Maximum thermal diffusivity:

a ^ = -0.0000572 + 0.0167"+40.96

(B.25)

Rsla mm =0.993
Mean thermal diffusivity:

“ mean = —0.0000272 —0.008T + 46.43
Rsl

(B.26)

=0.999

- 0.0000572 - 0.0347 + 51.91

Minimum thermal diffusivity:

Rsl

(B.27)

=0.999

Table B.9: Precision error for the thermal diffusivity o f zinc.
Mean
Thermal
Thermal
Thermal
thermal
Standard
Temperature diffusivity diffusivity diffusivity diffusivity deviation
v.pS.
T (K)
a l (mm* s) o2 (m m : s) a3 (m m-/s) (m m vs) S , (m m ’ V (m m -s)

M aximum M inimum
precision precision Percentage
error limit error limit o f precision
(m m vs)
(mm-’ s)
error (%)

322.96

40.71

40.91

40.61

40.74

0.12

0.21

40.95

40.53

0.51

373.56

39.81

39.62

39.99

39.81

0.15

0.25

40.06

39.55

0.64

423.30

38.70

38.46

38.54

38.57

0.10

0.17

38.74

38.40

0.44

473.46

37.17

37.09

37.19

37.15

0.04

0.06

37.22

37.08

0.18

523.40

35.48

35.65

35.78

35.64

0.12

0.20

35.84

35.43

0.57

574.00

34.48

34.17

34.24

34.30

0.13

0.22

34.52

34.07

0.65

624.00

32.89

32.69

32.78

32.79

0.08

0.13

32.92

32.65

0.42

643.83

32.28

32.11

32.23

32.21

0.07

0.12

32.33

32.09

0.37
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Figure B. 11: Precision error for the thermal conductivity of zinc.

Polynomial correlation for the thermal conductivity of zinc:
Maximum thermal conductivity:

RsA-ma
Mean thermal conductivity:

(B.28)

*max = 0.003T2 - 0.35157 + 211.04

Imean

0.982
(B.29)

= 0.00372 - 0.34027 + 207.87-

RslAmean = 0.979
Minimum thermal conductivity:

(B.30)

*min = 0.000372 - 0.32887 + 204.69
RslA m i,n = 0.974

Table B.10: Precision error for the thermal conductivity o f zinc.
Standard
Thermal
Thermal Mean thermal deviation
Thermal
±tv.pS).
S).
Temperature conductivity conductivity conductivity conductivity
t.\ (W m K ) >2 (W m K) >.3 (W m K ) (W m K )' (W /m K) (W m K )
T (K)

Maximum
precision
error limit
(W m K )

Minimum
precision Percentage
error limit o f precision
(W /m K) error (%)

322.96

128.70

129.64

129.74

129.36

0.46

0.79

130.16

128.57

0.61

373.56

119.07

118.86

120.09

119.34

0.53

0.91

120.25

118.43

0.76

423.30

116.84

115.96

116.16

116.32

0.37

0.63

116.95

115.69

0.54

473.46

112.66

112.88

113.17

112.90

0.20

0.35

113.26

112.55

0.31

523.40

108.74

110.12

110.28

109.71

0.68

1.16

110.88

108.54

1.06

574.00

108.62

107.50

107.95

108.02

0.46

0.78

108.80

107.24

0.72
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DSC /(mW/mg)
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Figure B.12: Latent heat evaluation o f zinc.
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Appendix C: Modeling and simulation
C.l Treatment of the boundary conditions and boundary control volumes
The temperatures at the boundary regions are unknown. To estimate the boundary region
temperatures, discretized linear algebraic equation for the boundary mesh is imperative. The
boundary heat flow between the ambient and the boundary mesh has been expressed in terms of
thermal resistances and temperature differences between them (Figure C .l). The boundary region
is treated as the interface between the boundary mesh and the ambient mesh. There is no latent
heat evolution at the boundary regions of the whole calculation domain. The governing equation
6 .1

without the latent heat evaluation term is integrated for time interval dt over the whole

boundary control volume by taking into account the heat flow as a source term. The solution and
simplification of the integral equation give instantly the linear algebraic equation for control
volume at each boundary region. The linear algebraic equation for the control volume at each
boundary is as follows:
At the west side boundary o f the calculation domain, the heat is lost through the sidewall due to
the temperature difference and thermal resistance between the sidewall mesh and the ambient
mesh. The linear algebraic equation for the free convection heat flow is:

(C .l)

Where linear source term is:

dyLrhw
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Figure C. I : Treatment of the boundary control volume.

The heat flow between the mesh at the south-side exposed bottom surface o f the brick K26 and
the ambient is due to free convection air flow. The linear algebraic equation for this mesh is:

°P + —
1
+ -<^ty,
Ks \ j

Where the linear source term is:

Tp —awTw + aETE + aNTN + bsh

(C.2)

T

sb= a°T°
UP1P+^—_L+ ^ x

h

K

K

For the southeast inner (vertical) surface of the concrete HS and brick K26, the heat flow to the
ambient is due to the applied forced convection air stream. The discretized linear algebraic
equation is:

apTp + ■

In
1

dyLairh

d y l€
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awTw + aNTN + asTs + bs_t

(C.3)
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Where the source term is:

amb

In
\ r*j

1

dyLairh

dyXe

The heat losses at the bottom exposed (south side horizontal) surface o f the crucible is due to the
forced convection air flow. The linear algebraic equation for the mesh at this, boundary region of
the of the crucible is:
f

\
1

«/> + —

4

^south

Where the source term is:

Tp — a w^W

■+ dys

+

a E^E

"*■

a N^N

+

^sc

(C.4)

J

b = a°T ° + -------— -----

pp

dy,
+-z±
^soulh A
1

The eastside boundary o f the calculation domain is the central axis of the crucible. The
temperature at the central axis is the maximum temperature. There is no heat loss through this
axis because it is the line o f symmetry. The discretized linear equation for the eastside boundary
mesh is:
aPTP = awTw + aNTN + asTs + a°pT°

(C.5)

A constant heat flux is imposed as boundary condition over the north side o f the crucible and
PCM (top o f the crucible). The discretized linear equation for mesh at this constant heat flux
boundary is:
a pTp

Where the source term is:

a w ^w

a E^E

a S^S

(C.6 )

bn = a°pTp + Qn

The north side of the insulating (top end) layer is insulated. There is no heat exchange through
this boundary region. The linear algebraic equation for the mesh at this region is:
cipTp —awTw + aETE + osTs + bsj
Where the source term is:

bSi = a pTp

144

(C.7)
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C.2 Treatment of the corner volumes
The boundary conditions for the comer volumes (Figure C.2) are the combination of the
boundary conditions at the two sides of the comer control volume. This idea is logical to
estimate the temperature at each comer mesh. The source term at each comer point is the sum of
the source term from both side o f the comer volume. The discretized linear algebraic equation
for each of the comer volume is:
West-south brick free convection comer volume is:

In
1

TP —awTw + aNTN + b

(C.8 )

bs

dyLrhw

Source term is:

! <ty,

1

dyAw

b = a°pTp +

amb

In
r )

1

dyLrhw

K

K

dyXw

South-east brick free and forced convection comer volume is:

f

dp + -

In

JL + dys
hbs

Tp = awTw + aNTN + b

K

dyK

dyLairhSc

Source term is:

r

b = a°PT° +

/

amb

In
1

\d y L airhSOu,h

dyK

South-east concrete Hs and crucible bottom forced convection internal comer volume is:
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(C.9)
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1
In
1

dyhAau*

Source term is:

V'e,
<tyk

b ~ a<pTp +

r

In
- +

v

TP= a wTw + a NTN+b

(C.10)

+ ^L
h. k

_L

\ r*j

-

l + -£jdys
—
hso uth

amb

k

dyk

dyL alrrhSBUth

Comer control
volume

Figure C.2: Comer control volume.
South-east forced convection and isolated comer volume is:

Tp —awTw + aNTN + besc

Op + —;-----t~
_L + ^
ks

Source term is:

k j

bA- - a°T° h-----——
+^
K

k
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East-north isolated and imposed heat flux comer volume is:
apTp = awTw + asTs + bnec

(C. 12)

bnec = a°pTp + Q„

Source term is:

North-west insulated and free convection comer volume is:
s

A

a.

r

In
v

Source term is:

i:

+

C ls T s

- I - I~>v

(C.l 3)

O)

d y L rh^

0 t »0 .
■apip
+■

amb

+

dyL\

(r
In W
kr
dyAw

C.3 Treatment of non-uniform thermal conductivity
The whole calculation domain is composed of different material regions. Moreover, this diversity
in material is leading variation in thermal conductivity (Figure C.3). It means that the thermal
conductivity in the calculation domain is a function o f space coordinate. This non-uniformity has
been treated by following an average technique. The discrete value of thermal conductivity
AP,AW,AE,AS and

as a function of temperature is known. It is considered that the

conductivity at a grid point remains constant over the control volume surrounding it. The
coefficient aw>aE»as anda N has been obtained in terms of the conductivity at the grid points.
The local heat flux that passes through the north interface o f the control volume is

_
™

K{T n -T p)
dy

(C.14)

d(Ty„- Tdy)p

(C.l 5)

h

XN

Now equating equation C.14 and C .l5 and obtained
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3 - (* * !- + iZE.'i
A n

\dyXN

“

V

=

dyApJ

+

(C .I 6 )

( t +!J r )

where /

An1 - ( J n t f + O . - J M 1)

(C.l 7)

If the interface is placed at the midway between the gird P and N, then j n = 0.5
\/X„

(C.l 8 )

= 0 . 5 ( 2 ; ' + A - 1)

Xn is the harmonic mean oiXp and XN The thermal conductivity Xs, representing the conductivity
between nodes P and S can be calculated in similar manner.
The coefficient aN , is the representative of the thermal conductance between the point P and N
and conductance is the reciprocal of the sum o f thermal resistance between these two points. The
coefficient aN , can be expressed in terms o f thermal resistance

( r2
w

re

2

2

dy
( r1

'w

2\
_e_

2

2* J

Similarly a = \

*

2A

(C.19)
\ xp

XN

r

(

dy

1
2\
rw _ re

\ 2*
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Figure C.3: Treatment o f the non-uniform thermal conductivity for 2-D control volume.

In the other direction (west-east) the local heat passes through the west interface of the control
volume is:
qw = ( S J s f c W )

q

(C 20)

f t - 7’. )

(C.21)

ta ( - i- )

r

dr + r e

_ _ _ _ _ _ _ _ _ '_w_ _ _ _ _ _ _ _ j_ _ _ _ _ _ _ _ _ P

dyA„r

dyXp

Now equating equation C.20 and C.21 and obtain
dr . r

Aw = —

, ' -

Xw

f

e

x

(C.22)

)

Xp

The coefficient aw, is the representative o f the thermal conductance between the point W and P
and conductance is the reciprocal of the sum o f thermal resistance between these two points. The
coefficient aw, can be expressed in terms of thermal resistance
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Similarly, aE = dyre (

H— ^ — — )

. These formulas facilitate the use high

conductivity zone and low conductivity zone in the same calculation domain. This technique
adapts good with the calculation domain of the present experimental bench as the domain is
combined of high, medium and low thermal conductivity region.
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Appendix D: Numerical simulation
D .l Phase change problem of teflon
400
350
300

250
T3 200
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Time (h)

Figure D. 1: Energy compensation during the solidification process o f the teflon.
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Figure D.2: Average progression o f the solidification front o f teflon with time.
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Figure D.3: Variation o f the maximum temperature difference between two iterations with time
in the solidification process of teflon.
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Figure D.4: Location of the maximum temperature difference at steady state conditions of the
solidification process o f teflon.
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D.2 Phase change problem of ledge
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Figure D.5: Power accumulation in the oven during the solidification process of liquid
electrolytic bath.
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Figure D.6 : Prediction ofthe solidification front o f ledge at steady state conditions.
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Figure D.7: Average progression ofthe solidification front o f ledge with time in the
solidification process.
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Figure D.8 : Variation o f the maximum temperature in the oven from one iteration to another, in
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Figure D.9: Location of the maximum temperature difference at steady state conditions in
solidification process of liquid bath.
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